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REVIEW OF ISOTOPE SYSTEMATICS

Cooling Ages and Diffusion 
(P.K. Zeitler)

1. Introduction
Most geologists are familiar with the advances in igneous petrology and global 

dynamics that followed from developments in radiogenic tracer-isotope geochemistry. 
Fewer geologists seem to be aware that the advances made in geochronology in the 
1970's and 1980's constituted an equally great leap forward for students of lithospheric 
processes. Because of the importance of heat transfer as a fundamental driving 
mechanism of tectonic activity, the fact that geochronological methods can reveal a 
sample's thermal history has given workers in metamorphic petrology and tectonics an 
important means for measuring the rates and timing of geological processes.

This short course in thermochronology and related aspects of geochronology has 
been organized around numerous case studies. However, before we proceed we will 
spend some time reviewing how the various dating systems used in thermochronology 
actually work. We will also review the theoretical basis for thermochronology, which 
amounts to a review of diffusion theory as applied to geochronological systems.

Perhaps ironically, the roots of thermochronology lie in the frequent violation of 
one of the fundamental assumptions of traditional geochronology. For an age 
determination to represent the formation age of a rock, the following assumptions must 
have held true: (1) decay of radioactive parent occurred at a constant rate unaffected by 
any environmental conditions experienced by the sample; (2) no isotopic fractionation 
occurred within the parent-daughter system; (3) correction can be made for any daughter 
isotope incorporated into the sample at the time of its formation; and (4) the 
parent-daughter system remained closed. In practice, requirement (4) is often not met 
and in many geological environments open-system behavior is virtually the rule. 
Thermochronology represents the attempt to exploit this widespread open-system 
behavior to obtain quantitative information about temperature (and other) histories.

Although we will provide specific references below, it is appropriate to note at this 
point that several good texts are available that provide basic information about 
geochronological methods and their applications. The textbook by Faure (2nd edition, 
1986) covers nearly all dating methods and is a good general text. The book by 
McDougall and Harrison (1988) covers the ^Ar/^Ar method in detail, and also clearly 
explains the application of diffusion theory to ^Ar/^Ar thermochronology; the book is 
also a good introduction to solving problems involving the diffusive transfer of mass or 
heat. Mussett (1969) provides a useful review of diffusion and geochronology, and the 
articles by Giletti (1974a,b) are a useful introduction to measurement of kinetic 
parameters. Finally, the classic books by Crank (1975) and Carslaw and Jager (1959) 
remain authoritative texts for obtaining fundamental solutions to a wide variety of 
diffusion problems.



2. Historical Perspective
The early work in geochronology, beginning with the first U-He age 

determinations made at the beginning of this century, was directed towards determining 
the formation ages of rocks and numerically calibrating the geologic time scale. 
However, it soon became apparent that in many cases measured ages were too low, 
particularly ages determined on mineral separates (as opposed to whole rocks). By the 
early- to mid-1960's, this phenomenon was widely recognized, and geochronologists were 
generally aware of the fact that many of the ages they determined were a function of the 
thermal histories of their samples. Classic papers from this period include those by 
Mason (1961), Hurley et al. (1962), Armstrong (1966), Westcott (1966), Harper (1967), 
and Dewey and Pankhurst (1970).

What followed this realization about the importance of thermal history was an 
increasing effort by geochronologists to place temperature constraints on the various 
mineral dating systems they used. For the most part, the initial efforts were made by 
means of geological calibrations carried out in contact aureoles and in slowly cooled 
terranes (Hart, 1964; Hanson and Cast; 1967, Jager et al., 1967; Pankhurst et al., 1973; 
Wagner et al., 1977; Harrison et al., 1979). Throughout the 1970's, increasing numbers 
of laboratory experiments were also carried out (e.g., Poland, 1974; Giletti, 1974a; 
Harrison, 1981). This decade also saw publication of the seminal paper by Dodson 
(1973) setting out the mathematical basis for diffusion in slow cooling systems.

The 1980's were the decade in which methods began to catch up with theory. 
Fission-track dating became widely used, and because all of the mineral systems used 
with this method are very temperature sensitive, the potential for thermal history 
determination became more widely appreciated among the geological community. 
During the same period, ^Ar/^Ar dating underwent something of a resurgence as the 
technique increasingly was applied to terrestrial rocks, and as methods of analysis and 
interpretation were refined (Harrison, 1983). The decade ended with attempts to refine 
the accuracy and precision of thermochronological techniques, both from a theoretical 
and material-properties perspective, and with increasing attempts to examine and 
develop higher-temperature geochronological systems as thermochronometers.

3. A Hierarchy of Dating Systems
What happens when you apply the available dating techniques to samples having 

other than a simple geologic history? What you almost always get is a range of ages, and 
you find that by in large the various dating systems give consistently different results. In 
general, for a slowly cooled rock, you can arrange the dates you obtain as follows (after 
Dodson and McClelland-Brown, 1985):

Greatest age: U-Pb zircon
U-Pb monazite 
U-Pb sphene 
Nd-Sm garnet 
U-Pb apatite, rutile 
K-Ar hornblende



Rb-Sr muscovite 
K-Ar muscovite 
Rb-Sr biotite 
K-Ar biotite 
Fission-track sphene 
K-Ar K-feldspar 
fission-track zircon 
fission-track apatite 

Lowest age: U-Th-He apatite

To make this point another way, we can look at the mineral age data of the sort 
obtained by Harrison et al., 1979 and Harrison and McDougall (1980) from large 
batholiths. When you plot measured ages against estimates of the "closure temperature" 
for each mineral system (we'll discuss closure temperature in a moment), you can see 
how the mineral ages define what is a very plausible thermal history for a cooling pluton 
(Figure 1).

The important point to realize is that mineral ages are best thought of as cooling 
ages. Because most rocks were hot or at least warm sometime in their lives, the safest 
course to take when you are confronted with an age determination is to be suspicious 
and take as a working hypothesis that your age is a cooling age. Of course you will then 
want to delve deeper: you need to consider what other complex thermal, geochemical, 
or metamorphic histories might be responsible for an age, or whether your age is in fact 
a primary age for some event. In the next two days, we would like to give you some 
feeling for how you can determine what your age might mean, and more important, how 
you can use the thermal (and "petrological") sensitivity of most mineral dating systems to 
place quantitative constraints on geological processes.

4. How Diffusion Explains Cooling Ages-Part I
What lies behind the frequent observation of cooling ages? Mostly the process of 

diffusion, and partly the geochemistry, thermodynamics, and kinetics that shape a 
sample's petrology. Thermally activated diffusion is so critical to thermochronometry 
that we really need to spend a bit of time establishing the basics.

(i) Diffusion is an inevitable natural process that is easy to understand. Matter 
(like heat) tends to flow down concentration gradients. If you live in a big house and 
someone leaves the front door open early in the autumn, leaves will begin to enter your 
home (if you have children you know that this is inevitable). Eventually, you will find 
leaves everywhere in your house. The leaves move randomly, and some leaves go out 
even as others are coming in. The point is that the leaves have diffused in, and they'll 
keep coming in until they're as dense inside as they are outside (to extend the analogy to 
its limits: think of the door sill as a partition coefficient, think of a potted plant in the 
house as a source term in the diffusion equation, and think of the amount of foot traffic 
in your house as an analogy for temperature: more feet, faster-moving leaves).

(ii) In geological materials, the rate of diffusion if strongly temperature 
dependent, and follows an Arrhenius relationship:



(1)

The pre-exponential constant D0 can be thought of as describing the relative ease of 
diffusion through a material, and the activation energy E can be thought of as describing 
the probability of an atom making a jump. Typically used units (which persist in the 
literature in non-Si form) are:

D0 and D: square centimeters per second
activation energy, E: calories per mole

gas constant, R: 1.987 calories per degree Kelvin per mole;
temperature, T: degrees Kelvin

In geological materials, the diffusion coefficient will typically vary by many orders of 
magnitude. For example, in the case of argon diffusion in a potassium feldspar, E might 
be 45000 cal/mole and D0 might be 1 x 10"4 cm2/s. Therefore, at 20°C (293.15 K) D will 
be 2.8 x Mr* cm2/s, but at 250°C (523.15 K) D would be 1.6 x 10'23 cm2/s. That is over 
fourteen orders of magnitude higher!

(iii) Pick's Laws can be used to describe the state of diffusion in a 
geochronological system of interest. In such a system, Pick's First Law states that in the 
steady-state, the flux of diffusing isotope is directly proportional to the concentration
gradient of that isotope. For the case of one-dimensional diffusion: 

«
F = -D- (2)

Note that in this equation, the diffusion coefficient D is the constant of proportionality, 
and that the minus sign stems from the fact that diffusion occurs down the concentration 
gradient (like heat flows down a temperature gradient). Speaking of heat, note that Eqn. 
2 is of the same form as the expression for steady-state heat flow.

For our purposes, the steady state is not relevant and is quite boring. In fact, it's 
hard to imagine a geochronological system that is in steady state, since radioactive decay 
keeps on providing daughter isotope relentlessly. At high temperatures, where daughter 
isotope can be lost as fast as it is produced, one can imagine a steady state being 
established, but that's only useful as a starting point for what we're interested in, which is 
to accumulate some daughter product and get an age!

The transient condition is what we need to worry about. Pick's Second Law is 
relevant here (again, for the one dimensional case; note that this equation is analogous 
to the equation for temperature distribution under transient conditions):



ax
(3)

It is straightforward to derive this equation from first principles, but a useful way 
to view it is to think of differentiating the steady-state equation (Eqn. 2) with respect to 
time. Pick's Second Law merely states that the change in concentration with respect to 
time is proportional to any gradient in the concentration gradient. If we remember that 
dating systems involve radioactive decay, we can add a source term A* to Eqn. 3 to 
obtain a complete description (believe it or not) of a thermochronological system:

  = D   + X* (4)
& ax2

How is this so? Eqn. 4 describes the loss (or possibly, gain) of daughter product 
by diffusion, and the gain of daughter product by decay. But there's more tucked away 
in this equation than that, especially when it comes down to choosing some boundary 
conditions and actually solving it. Specifically, recall from Eqn. (1) that the diffusion 
coefficient D is a function of temperature. Hence, temperature is an implicit part of 
Eqn. 4, and solutions can be obtained which reflect changes in concentration of daughter 
isotope as a function of thermal history. That's thermochronology!

Fortunately for those of us who are not mathematically agile, a wide range of 
solutions to Eqn. 4 are available, for both general cases and specific geochronological 
systems. Furthermore, many of these solutions can be expressed as simple algebraic 
formulae like this:

  (for values off<OA5) (5) a2

Here / is the fractional diffusive loss of daughter isotope from a plane sheet having a 
diffusion dimension (half-width) a and having suffered a thermal event of duration t 
which was of sufficient temperature to yield a diffusion coefficient D. Crank (1975) 
offers many solutions of the diffusion equation, and many of the solutions in the classic 
book on heat transfer by Carslaw and Jaeger (1959) are direct analogs to diffusion 
problems. Finally, McDougall and Harrison (1988) provide a very useful tabulation and 
explanation of a number of solutions of varying complexity.

Eqn. 5 sneaks in a two very important points. First, in most solutions to the 
diffusion equation of interest to geochronologists, there is one other important parameter 
that must be considered besides D and t\ what has often been called "grain size" but 
more properly should be referred to as "diffusion dimension" or "domain size" (daughter



isotope can be considered to have escaped from a crystal once it has reached any 
number of fast-diffusion pathways, only one of which may be a grain boundary). Second, 
in general, the parameter of importance in diffusion is Dt/a2 and it is important to note 
that the three components of this parameter all have equivalent influence. Thus, if all 
that is known about a poorly characterized sample is that it has lost some daughter 
isotope, it is not possible to isolate the effects of temperature from that of heating 
duration or grain size. Another important point to make about the parameter Dt/a2 is 
that in cases of geologically brief episodic heating (where production of daughter isotope 
by decay can be ignored), one can make the following substitution in solutions to the 
diffusion equation:

1
«5)

where D(t) is the diffusion coefficient as a function of time (e.g., thermal history), and 
where it is assumed that diffusion dimension is not time dependent. In other words, the 
good news is that it is only the integrated thermal history that matters in many 
calculations, and the bad news is that a single age determination cannot be used to 
differentiate between different styles of episodic heating.

4. How Diffusion Explains Cooling Ages-Part II
In his classic paper (Dodson, 1973) presented a solution to the diffusion equation 

which addressed the case of slow cooling. Dodson's equation provided a theoretical basis 
for the young ages that were frequently observed by geochronologists, and it also 
provided a quantitative framework with which to use the growing body of diffusion data. 
Let's examine both these aspects of Dodson's pivotal contribution to thermochronology.

Conceptually, what the closure-temperature theory does is balance the 
exponentially diminishing effectiveness of diffusion during slow cooling against the steady 
accumulation of daughter product from radioactive decay. Figure 2 shows what this 
statement means. Over geologically reasonable time scales, there are temperature 
ranges where a mineral system will be completely open, and there are temperature 
ranges where a mineral system will be completely closed. Between these two ranges will 
be a fuzzy temperature range where the mineral system is partly open: daughter 
isotopes accumulates, but not as rapidly as one would expect in a completely closed 
system. What Dodson's formula provides is a means to extrapolate back and extract the 
temperature of the system .at the time given by its apparent age. This is an absolutely 
essential concept in thermochronology: it is the definition of the term "closure 
temperature."

Here's the equation for closure temperature (Figure 3 shows an annotated 
version):

The terms on the right-hand side of Eqn. 7 together define the closure temperature TCE 
is activation energy, R is the gas constant, D0 is the pre-exponential constant from the



<£
Tc =     1-- (7)

Arrhenius equation, and a is the diffusion dimension (the lumped parameter Do/a2 is 
sometimes referred to as the "frequency factor"). A is a diffusion-geometry term that is 
equal to 8.7 for infinite slabs, 27 for cylinders (radial diffusion geometry) and 55 for 
spheres. dT/dt is the cooling rate experienced by the sample while it was undergoing 
closure. Finally, Tc is ...closure temperature! The closure-temperature equation is 
iterative in nature, and you have to guess a value of Tc to get things rolling. Because of 
the nature of the natural log function, the equation converges rapidly, usually within two 
or three passes.

As an example, let's calculate a closure temperature for a hypothetical sample. 
Given:

pre-exponential term, £>0: 1 x 10"4 cm2/s
diffusion dimension, a: 1 x 10~2 cm (100 pm)

activation energy, E: 45000 cal/mol
gas constant, R: 1.987 calories per degree Kelvin per mole;

geometry factor, plane sheet, A: 8.7
cooling rate, dT/dt: 10°C/m.y.

The first thing to do is to convert the cooling rate to degrees Kelvin per second: that 
would be 3.169 x 10"13 K/s. Next, let's guess a value for closure temperature of, say, 
300°C, which is 573.15 K. Using this temperature, the value of the natural log term is 
33.62 and E/R is 22647 K, so the first iteration yields a closure temperature estimate of 
673.7 K (400.5°C). Substituting that estimate for closure temperature back into the 
equation yields a new estimate of 667.2 K; a third iteration using this estimate leads to a 
closure temperature of 667.6 K (394.5°C).

There are a number of things to note about closure temperature. First, it is 
important to realize that closure temperature is dependent not only on a sample's 
diffusion kinetics but also on cooling rate. Compared to slowly cooled samples, samples 
that cool quickly spend less time in the transitional, partially open state. Very roughly, 
the closure temperature of a sample will vary by about 10% per order of magnitude 
change in cooling rate (or a2 or £>0). A second thing to note about closure temperatures 
is that they are only relevant to thermal histories involving continuous cooling. Citing a 
closure temperature when discussing whether or not a system should have survived a 
thermal resetting makes no sense whatsoever (this might seem obvious to you, but it is a 
common error). A third thing to realize about the term "closure temperature" is that



some people use the term "blocking temperature" as its synonym; this is fine if what is 
meant is in fact Dodsonian behavior based on volume diffusion or first-order kinetics. 
However, it can be argued that use of the term "blocking temperature" for isotopic 
systems could be misleading, because (1) paleomagnetic systems have much higher 
activation energies and thus are far more temperature sensitive than isotopic systems 
(e.g., only a very short time spent at the magnetic blocking temperature will erase a 
magnetization), and (2) as a consequence, in paleomagnetic systems it is appropriate to 
think of blocking and unblocking as occurring at a single temperature, whereas this is not 
the case for isotopic systems. Finally, it should be recognized that closure-temperature 
theory applies not only to thermochronological systems, but to many petrological systems 
as well, where closure can be thought to represent, for example, the "freezing in" of 
exchange reactions.

5. Diffusion Profiles
One consequence of diffusion is that anything other than a completely 

straightforward thermal history consisting of very fast cooling will result in a sample 
developing appreciable diffusion gradients in its radiogenic daughter isotopes. This is 
because the boundary conditions superimposed on our samples are (1) a finite or 
rate-limited supply of daughter product, and (2) a grain boundary immersed in an infinite 
sink having effectively a zero concentration of daughter isotope. As a result, it is 
reasonable to expect that many natural samples will have diffusion profiles set up within 
their diffusion domains. For many geochronological methods, this information is of 
academic interest only, for it is likely that diffusion domains will be on the order of 
microns or even less, and the technological means do not exist to cleanly sample such 
small domains. However, the ^Ar/^Ar method is potentially an exception, in that it 
uses diffusion itself to pump natural diffusion gradients out of samples in the laboratory. 
Therefore, it is worth knowing that in theory the diffusion profiles developed in a slowly 
cooled minerals can be used to constrain segments of temperature-time paths, as each 
position along a diffusion profile can be thought of as having a position-dependent 
closure temperature (Dodson, 1986). We will return to this topic again when we discuss 
the 40Ar/39Ar dating of potassium feldspars.
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1. Sketch showing the thermal history to be expected from a cooling intrusion (dashed line), 
and the typical results that one would obtain from dating a suite of thermochronometers from 
the intrusion. The "ages" for each mineral system have been plotted against their estimated 
closure temperatures to yield an empirically derived cooling curve.
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2. A graphical representation of the closure phenomenon. The top figure shows the 
temperature history experienced by a sample, and the bottom panel shows the value of the 
parent-daughter ratio as a function of thermal history. The closure temperature represents the 
temperature of the system at the time given by its apparent age. Note that at high temperatures 
the sample is completely open (no daughter product is retained), and that at low temperatures 
the sample is completely closed (all daughter product is retained). In the transitional interval, 
some of the daughter produced by decay is retained (in the centers of grains). Note also that for 
the isotopic systems typically used in thermochronometry, for times near and within the closure 
interval, the growth of the daughter/parent ratio can be approximated as a linear function of
time.
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3. Annotated copy of closure-temperature equation.
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Samarium-Neodymium and Uranium-Lead 
(R. Tucker)

Introduction
This chapter is intended to introduce to the nonspecialist the principles of isotopic 

dating, and to illustrate with real examples the range of geological problems that may be 
studied by the U-Pb method as it is practiced in many laboratories today. The chapter is 
divided into two parts. The first part, covering Day 1 AM, is a review of the principles 
of isotopic dating, introducing the fundamentals of the method using both the Sm-Nd 
and U-Pb systems as examples. The second part of the chapter is a brief survey of some 
geological applications of the U-Pb method, done by the isotope dilution method, using 
selected examples of the author (some unpublished). Space limitations preclude a 
comprehensive review or discussion of the U-Pb technique practiced by the crystal 
evaporation (Kober 1986, 1987) or ion-microprobe methods (e.g. Compston et al. 1984, 
Kinney et al. 1988, Bowring et al. 1989), and for this, the reader is referred to selected 
listings in the references or to a recent review article by Heaman and Parrish (1991).

PART I. DAY 1, AM: REVIEW OF ISOTOPE SYSTEMAT1CS

An isotopic age may be determined for a mineral or a suite of cogenetic minerals 
and rocks provided that neither radioactive parent nor radiogenic daughter were lost or 
gained from the sample over its lifetime, that each sample had an identical initial 
daughter isotopic ratio at their time of formation, and that parent and daughter are 
present in sufficient abundance to enable meaningful measurements to be made. In 
practice, the method of isotopic dating selected for use depends on the type of age 
information that is sought, as well as a host of geological factors that may favor or 
preclude one method over another. Although the principles and assumptions of most 
methods are the same, the type of extractable age information is not, primarily because 
of inherent differences in the chemical properties of parent and daughter nuclides. The 
task for the geologist is to learn the strengths and limitations of each dating method, and 
to understand how geological processes magnify or diminish these strengths for a given 
application. No single method or technique can be applied with equal success to all 
dating projects and, in some instances, full appreciation of the complexity of a problem 
will only come with a multidisciplinary approach. That said, over thirty years of 
experience in the isotope community has demonstrated that some methods of dating 
enjoy distinct advantages over others for the same application and, with appropriate 
attention to collecting and analytical technique, these methods can be applied to most 
geological problems to yield highly precise and accurate ages.

The Samarium-Neodymium Method
The fundamental principle of the Sm-Nd, Rb-Sr, and Re-Os methods is that the 

production of radiogenic daughter isotope, D, occurs at a constant rate through time,
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with the amount of the daughter produced being proportional to the amount of 
radioactive parent isotope (P) present. As can be seen in Equation 1, the decay 
equation predicts that the amount of daughter atoms present today (£>total) is the sum of 
the daughter isotopes present initially (£>inital) and the radiogenic component, P (eu-l), 
produced during time t.

'rod (8)

As we can only measure isotopic ratios in mass spectrometers, it is convenient to 
reference both P and Dtotal relative to a stable isotope of the daughter element such that 
Equation 1 becomes:

Dtotal

D.

Dinit

Dref initial

(9)
rod

which has the general form of the equation for a straight line. Note that in this form, 
the amount of the daughter isotope present (Dmeas) is the sum of the radiogenic daughter 
plus the nonradiogenic component present in the sample at f=0 (the initial daughter). 
Also present at the time of mass spectrometric measurement is the nonradiogenic 
contaminant contributed by the laboratory during analysis (the laboratory blank) which, 
for the present discussion, we shall assume to have a value much less than £>initial .

The solution for t may be obtained two ways. If the number of atoms produced 
through decay (radiogenic component) greatly exceeds that initially present (the initial 
component), then t can be determined from the abundance of P and D without precise 
knowledge of the initial daughter isotopic composition. This form of solution was 
recognized by Goldschmidt (1937) and Hahn et al. (1937) over thirty years ago, and an 
early application of the method was for dating Rb-rich lepidolite using the decay of 87Rb 
to Sr (Ahrens 1946). The second solution, having far greater application for geological 
materials, is to analyze several samples of the same age and initial daughter isotopic 
composition, but different ratios of P/DKf, to construct the familiar isochron diagram 
(Allsopp 1961, Nicolaysen 1961, Faure 1986). If all rocks and minerals behaved as 
closed-systems, had the same initial isotopic ratio and age, they will define a straight line, 
the slope of which corresponds to the age of the system.

As can be seen in Equation 2, the precision of an isochron may be improved by 
obtaining an array exhibiting a large spread in P/DKf . For the Sm-Nd system, Equation 
2 becomes:

144Nd

143Nd
144'Nd

147

initial
l"Nd (10)

  rod

where 147Sm/144Nd is the measure ofP/DKf. Unlike the Rb-Sr, Re-Os, and U-Th-Pb 
systems, however, parent (147Sm) and daughter (143Nd) are not fractionated strongly in
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nature which results in modest variations of the 147Sm/144Nd ratio and only small long- 
term variations in the value of 143Nd/144Nd. The typical range of the Sm/Nd ratio (by 
weight) in rocks is from about 0.1 to 0.6 (Richard et al 1976, Zindler et al. 1982), and 
about 0.4 for common rock-forming and accessory minerals, although xenotime and 
garnet may have 147Sm/144Nd ratios somewhat greater than one (Mearns 1986). This 
small variation in parent/daughter ratios means that all ages determined by the Sm-Nd 
method must be done using the isochron approach which, with currently-achieved 
measurement precisions of about ±0.003%, results in an optimum age uncertainty at the 
95% confidence level of about 20 m.y (DePaolo 1988).

The quality of an isochron is evaluated by the degree to which individual analyses 
plot within analytical uncertainty of a least-squares regression line (e.g. York 1969). The 
samples comprising the isochron my either be minerals plus whole-rock from a single 
sample or many whole-rocks collected from a single formation or geological unit. To be 
a valid determination the isochron must satisfy the assumptions of the method, namely: 
1) all samples are of the same age, 2) each sample had the identical initial isotopic ratio, 
and 3) that there has been no loss or gain of parent or daughter isotopes since time = 0. 
If one or more of these conditions is not met, then the analyses will not conform to the 
regression (within reasonable expectation; cf. Brooks et al. 1972, Mclntyre et al. 1966), in 
which case statistical treatment and analysis of the data may be applied to evaluate the 
reliability of the "age", to infer the geological basis of the uncertainty, and to investigate 
the disturbance of the system.

Use of minerals ("internal") or whole-rocks ("external") to define an isochronous 
relationship depends on the geological problem and the extent to which all of the above 
conditions will be met by the choice of samples. Internal isochrons, for example, may be 
the preferred method for dating igneous intrusions with single-stage cooling histories 
because the likelihood of post-crystallization exchange is small and the probability that 
each mineral had the same initial isotopic composition is high (see, however, Johnson 
1989 and Cortini and van Calsteren 1985 for examples of isotopic disequilibrium between 
minerals and whole-rocks in recent tuffs). In the case of a metamorphosed intrusion, 
however, the whole-rock approach may be preferred because it is improbable that whole- 
rock isotopic compositions will be modified significantly (especially in the Sm-Nd system) 
even if small-scale exchange between minerals has occurred. Nevertheless, an ail-too 
common problem with whole-rock dating, is demonstrating that all samples are 
isochronous and had the same initial isotopic ratio. Variations in initial ^Sr/^Sr ratios 
for suites of young lavas from a single volcano have been reported (Chen and Frey 1983, 
Hildreth et al. 1991), suggesting that the assumption of identical initial ratios for many 
suites of rocks is difficult to defend and cannot automatically be made. This is especially 
troublesome in the Sm-Nd system where variation in the initial 143Nd/144Nd, larger than 
analytical uncertainty, may produce totally spurious ages. Moreover, if petrologically 
unrelated rocks or minerals are grouped to construct an isochron, or if a mixing line is 
constructed from two reservoirs whose isotopic compositions are very different, then 
meaningless ages or poor quality isochrons may result (Cattell et al. 1984).
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Applications of Sm-Nd Geochronology
The Sm-Nd system has been applied successfully to determine crystallization ages 

for mafic and ultramafic terrestrial rocks and, perhaps most successfully, to date lunar 
and extraterrestrial materials (see Shirey 1991 for a very useful summary). Specific 
examples are too numerous to cite but, in general, the whole-rock and mineral isochron 
approach has dated ultramafic, mafic and felsic volcanic rocks (particularly of Archean 
age), high grade gneisses and granulites, anorthositic rocks and layered mafic intrusions, 
and ophiolites.

Sm-Nd mineral isochrons can be useful for dating the time of metamorphism in 
mafic granulites and tectonites, particularly amphibolite-facies and higher grade 
tectonites, where total isotopic exchange between minerals has occurred by thermal 
diffusion, dynamic recrystallization, and new mineral growth. Garnet, titanite, 
hornblende, and clinopyroxene exhibit the greatest range in 147Sm/144Nd, and they have 
proved useful for dating eclogites (Griffin and Brueckner 1980, 1985; M0rk and Mearns 
1986, M0rk et al. 1988, Beard et al 1991), garnet peridotites (Mearns 1986, Brueckner et 
al. 1991, Li Shanguang et al. 1991), coronitic anorthosite and gabbro (Cohen et al. 1988), 
and pelitic gneisses (van Breemen and Hawkesworth 1980). In a novel approach, Vance 
and O'Nions (1990) and Burton and O' Nions (1991) have used the Sm-Nd method to 
determine the timing of garnet growth zone and reaction-rim formation to model the P- 
T-time history of greenschist- and amphibolite-facies pelites. This type of application is 
useful because it attempts to date the growth of a mineral or mineral pair for which 
temperature and pressure estimates are obtained. The results must be evaluated 
carefully, however, because garnet is a known refractory mineral, capable of surviving 
intense periods of metamorphism, and it commonly grows new domains over old, each of 
a different age (cf. Brueckner et al. 1991). In instances such as these, microscopic 
characterization of garnet types, coupled with replicate isotopic analysis, is necessary to 
demonstrate that total isolation and identification of component parts has been achieved.

In another application, Gromet (1991) and Getty and Gromet (in press) apply the 
mineral isochron approach using the Sm-Nd, Rb-Sr, and U-Pb systems to date directly 
the time of recrystallization and strain-fabric formation in middle- and upper- 
amphibolite-facies gneisses. This is an especially useful approach, because all isotopic 
measurements were made from aliquots of the same mineral fractions, and thus the 
completeness of the isotopic initialization for each system could be evaluated on a 
mineral-by-mineral basis.

The Uranium-Lead Method
The U-Pb method is unique among all decay series in that two isotopes of U, 238U 

and 235U, decay at nonequal rates to two different isotopes of Pb (206Pb and 207Pb, 
respectively). This allows for the calculation of three ages (^Pb/^U, ^Pb/^U, and 
207Pb/206Pb ages) from a single isotopic analysis, which provides an internal check of the 
reliability of the age determination. Moreover, the natural variation of the U/Pb ratio in 
common accessory minerals (e.g. zircon, monazite, baddeleyite) may exceed many 
thousands, resulting in enormous variation in the isotopic composition of Pb over time. 
This, in turn, permits precise determination of the time of mineral formation essentially
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independent of an assumed initial daughter isotopic composition. Common accessory 
minerals useful as geochronometers are found in most igneous, metamorphic, and 
sedimentary rocks over a wide compositional and textural range. With experience and a 
keen eye, the trained geologist can learn to identify and collect samples appropriate for 
mineral separation and U-Pb analysis which, by reference to field observations, can be 
used to date a variety of geological events.

The Concordia Diagram and Discordant Analyses
The key to the success of the U-Pb method is that, in addition to the high initial 

parent/daughter ratios, many U-bearing minerals such as zircon and monazite are both 
refractory and retentive, neither loosing nor gaining their parent and daughter isotopes 
over time and under most geological conditions. When carefully selected and prepared, 
these minerals approach closed isotopic systems, the condition when all three isotopic 
ages agree. This condition is commonly illustrated on the "Concordia11 (Wetherill 1956a) 
or Tera-Wasserburg (Tera and Wasserburg 1972) diagrams which are graphical 
representations of time as measured by the decay of U to 207Pb and ^U to 206Pb. 
Since the half-live of ^U (A. = 703.8 m.y) is much less than that of 238U (A. = 4468.3 
m.y.) (Jaffey et at. 1971), the production of ^Pb is faster than 206Pb and the line 
representing the locus of equal ages ("concordia11) is a curve (Fig. 1). The shape of 
"concordia11 is a function of the ^u/235!! ratio, which has been ever-changing throughout 
geological time, but which has a modern-day value of 137.88 (Shields 1960, Steiger and 
Jager 1977).

Analyses that plot above or below concordia (in excess of analytical uncertainty) 
signify deviation from closed-system behavior, either by gain or loss of U or Pb. Most of 
a mineral's U is bound within the lattice, and radiogenic-Pb is in an ^-damaged site, 
hence deviation from closed-system behavior is generally caused by loss of radiogenic-Pb, 
and almost always in a sense that the 2a7Pb/2MPb age > 207Pb/23SU age > 206Pb/r38U age 
(Fig. 1; but, for an exception, see Williams et al. 1984). Moreover, it is commonly 
observed that a suite of analyses (e.g. of zircon) will form a linear array (a discordia line) 
whose intercepts with concordia define meaningful geological events. Many mechanisms 
have been proposed to explain discordant behavior, and most of them involve radiogenic 
Pb-loss (e.g. Wetherill 1956 b, Wetherill 1963; Tilton 1960, Silver et al. 1963, Wasserburg 
1963, Allfegre et al. 1974, Goldich and Mudrey 1972). Incorporation of old xenocrystic 
minerals in multigrain fractions or old components in any single grain (so called 
"inheritance") may also produce discordant analyses, and generate mixing lines between 
components of different ages (Fig. 1). In some cases, the "inherited" component can be 
easily observed in transmitted light and simply avoided during sample selection. In other 
cases, the source of the inheritance may not be observable directly and the inheritance 
may only be detected if the analysis yields an unusually old isotopic age (which, of 
course, implies that the resolution of the measurement exceeds the age difference 
between core and overgrowth). In practice, all cases indicating discordant behavior must 
be evaluated carefully on a case-by-case basis, and the most favorable solution to the 
problem of discordance is to eliminate it (as much as possible) through careful grain 
selection and preparation (Krogh 1982 a). Total elimination is not always possible but,
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through replicate analysis of parts of minerals, it is possible to eliminate some sources of 
discordance and thereby better interpret the real age pattern.

Diffusion and the Concept of Closure Temperature
The U-Pb method has proven to be the preferred method for dating high-grade 

metamorphic events, as well as events predating and slightly post-dating high-grade 
metamorphism of many crustal rocks. This is because U-bearing minerals such as zircon 
and monazite are stable under amphibolite-facies conditions, and also because they are 
retentive to loss or gain of parent and daughter isotopes during and after high-grade 
metamorphic events. Because temperature and pressure estimates are not obtained 
directly from these minerals, however, the concept of a mineral's closure-temperature has 
proven to be a useful convenience to relate an isotopic mineral age to the P-T-t history 
of a sample. This concept, when used in conjunction with isotopic ages of other minerals 
in other samples, has been commonly employed as a means to construct the regional P- 
T-t history of erogenic belts.

The interpretation of concordant U-Pb mineral ages, or indeed any mineral age, is 
not always straight-forward because it has been observed in many studies that the 
apparent dates of some metamorphic minerals more closely reflect their cooling ages 
rather than their primary crystallization ages; that is they represent the apparent time 
elapsed since the mineral closed to diffusion of daughter isotopes following a regional 
heating event. Armstrong (1966) and Harper (1967) initially developed the concept, and 
its general acceptance has followed from the observations of Hart (1964), Hanson and 
Gast (1967), Purdy and Jager (1976), Harrison and McDougall (1980), and Mezger et al 
1989. In 1973, Dodson (1973) presented the mathematical foundation for the closure- 
temperature concept which is illustrated in Figure 2.

At a high initial temperature (7]), it is assumed that the radiogenic daughter 
isotope diffuses out of a mineral as fast as it is produced, but that with continued near- 
monotonic cooling (constant dT/dt), the mineral enters a transitional temperature 
interval (the partial retention interval) where some of the radiogenic daughter isotope is 
retained and some is lost. At a lower temperature on the cooling path (Tf), the loss of 
radiogenic daughter isotope is negligible and the mineral begins to accumulate 
radiogenic daughter at the rate which it is produced. In determining an age for a system 
we, in effect, extrapolate the "closed-system" segment of the D/P back to the time axis, 
as shown by the intersection of the broken line to tc in Figure 2. The solution for Tc , the 
closure temperature, is shown graphically as the temperature on the cooling curve which 
is defined by the apparent age of the mineral (fc).

A mineral's closure-temperature age is based on the concept of progressive 
diminution of diffusive transport during monotonic cooling, and it should not be expected 
to be sharply defined in nature because it is dependent strongly on the magnitude of 
dT/dt as well as the effective diffusional radius. In the case of old minerals recrystallized 
during a younger event, application of the closure-temperature model presumes that the 
last event was hot enough and of a duration long enough to reset the mineral, and that 
the mineral lattice not be disrupted by subsequent deformational processes (e.g. creep 
and glide at the sub-grain scale). Moreover, it is well known that many minerals can
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form at temperatures well below their estimated blocking temperatures (e.g. zircon, 
titanite and monazite) in which case the apparent age will date the time of mineral 
growth. All of these factors complicate the interpretation of an isotopic mineral age, and 
the reader is advised to use the closure-temperature concept with caution and only in 
those instances where the assumptions of the model apply.

Data Evaluation
Realistic assessment of uncertainties in U-Pb and 207Pb/ 206Pb isotopic ages is 

essential to determine whether the analysis is concordant or discordant and, if discordant, 
to assign appropriate errors to intercept ages. For analyses truly discordant outside of 
analytical uncertainty, the computation of ages and errors is done by line-fitting 
techniques (York 1969, Gumming 1969, Gumming et al. 1972, Ludwig 1982a, 1985, Davis 
1982, Briqueu and de la Boisse 1990) which use the isotopic ratios, and their correlated 
uncertainties, to construct the "best fit" discordia line to the Concordia curve. Methods 
for calculating the uncertainty of a U-Pb analysis can be found in Ludwig (1980, 1982b) 
and Roddick (1987), and a review of the fundamental sources of error in U-Pb analyses 
is given by Mattinson (1987). The following discussion draws heavily from their work, 
introducing new diagrams to give emphasis where appropriate.

The 207Pb/ 20*Pb, or Pb-Pb, age is the time-integrated measure of the initial 
235U/ ^^U ratio, and it is calculated directly from the Pb isotopic composition without 
knowledge of the U or Pb concentration. It is a useful measure of a mineral's age 
because the ^^51 ^^U and 207Pb/ 206Pb ratios cannot be modified by isotopic fractionation 
in nature (provided that secular equilibrium between intermediate daughters is 
maintained), and the 207Pb/ 206Pb ratio for most samples can be measured with a 
precision that corresponds to an age uncertainty of ± 3 Ma (provided that the 
signal/noise level of the measurement is high and that the isotopic fractionation is 
carefully controlled and well-known). For samples containing appreciable amounts of 
common-Pb, however, random errors in the 207Pb/ 206Pb age arise from two sources: 1) 
the uncertainty in the measured 207Pb/ 204Pb ratio, and b) the uncertainty in the 
composition of the initial common-Pb. The error contribution from both of these 
sources diminish as the value of the 207Pb/ 204Pb ratio becomes large, and the effect is 
illustrated graphically in Figure 3 for samples 100 m.y.,500 m.y.,and 2500 m.y.old.

To obtain age precision of ± 4 Ma for a 2500 m.y. old concordant zircon, the 
analysis must have an uncorrected 207Pb/ 204Pb ratio of 60 (or greater) and it must be 
known to better than ± 1.0%. If the 207Pb/ 204Pb ratio of the analysis is less than 60, for 
example 40, then an uncertainty of 2% (a reasonable value, cf. Mattinson 1987) on the 
initial 207Pb/ 204Pb isotopic composition will yield an uncertainty of ca. 9 m.y. on the 
207Pb/ 206Pb age. For younger samples this effect is magnified (because of the large 
variation of 207Pb/ 206Pb over an equivalent period), and for a 100 Ma sample with a 
207pb/ 204pb ratio Of 4o>a 2% uncertainty on the initial 207Pb/ 204Pb ratio would produce a 
ca. 17 m.y. uncertainty on the 207Pb/ 206Pb age.

Figure 3 illustrates that age precision of ± 3-5 m.y. on the 207Pb/ 206Pb age may be 
obtained for most samples provided that the measured 2 Pb/ 204Pb ratio is greater than 
75 and that the measurement precision exceeds 1 %. For measured 207Pb/ 204Pb ratios less
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than 75, the uncertainty on the initial 207Pb/ 204Pb ratio becomes the principal source of 
error, and the magnitude of the 207Pb/ 206Pb age error is dependent on how well the 
initial 207Pb/ 204Pb ratio is known. The magnitude of the age error may, in some cases, be 
reduced by measuring the initial-Pb composition from a cogenetic, U-poor minerals (e.g. 
leached K-feldspar) and assuming that its composition matches the initial-Pb in the 
sample. In many cases, however, the complexity of the sample's history precludes this 
assumption, and the sample's initial-Pb may only be approximated from a model 
composition (e.g. Stacey and Kramers 1975, Cummings and Richards 1975). In reality, 
the initial-Pb composition of any analysis can never be known absolutely, and the best 
means to minimize this source of age uncertainty is to reduce the addition of 204Pb to 
each analysis.

Concept of the Sample/Blank Ratio
The principal sources of lead isotope 204Pb in an isotopic analysis are: 1) the 

initial Pb in the sample (Pb in the crystal lattice, cracks, inclusions, and adhered grains), 
and 2) the Pb introduced into the sample during analysis in the laboratory (so-called 
blank Pb). Other possible sources, including evolved-Pb contributed to the sample from 
the dissolution vessel (so-called "memory Pb") are not commonly observed, and they can 
be virtually eliminated with careful monitoring and cleaning. Results of years of study 
of zircon, including tests with abrasion techniques (Krogh 1982a) and the Kober 
evaporation technique (Kober 1986,1987), indicate that the initial-Pb abundance in high- 
quality zircon is generally less than a part per million, indicating that most of the 
observed 204Pb is attributable to the laboratory blank whose isotopic composition should 
be rather well known (ca. ± 1 %). The observed 207Pb/ 204Pb ratio of a sample is thus a 
measure of the amount of sample (the dominant source of radiogenic 207Pb) relative to 
the laboratory blank, as expressed by the following relationship,

207j

204Tb
nd blank

204j

nr (H)

'blank

Equation 4 illustrates that by reducing the amount of laboratory blank it is possible to 
analyze a proportionally smaller amount of sample without compromising the integrity of 
the age determination. Developing the capability to analyze ultra-small samples 
(perhaps weighing only a few millionths of a gram) is, of course, advantageous because 
greater sample selectivity is achieved and more diverse applications of the technique 
become possible. These may include provenance studies using detrital single-zircon 
(Krogh and Keppie 1990, Davis et al 1990) or monazite (Ross et al. 1991), dating of 
complex rocks with multi-generational zircon populations (Moser et al. 1991), or dating 
rocks with low mineral yields such as mafic and ultramafic intrusions (LeCheminant and 
Heaman 1989), many felsic volcanic rocks, and extraterrestrial samples. To illustrate the 
point, the following discussion and diagram applies to zircon where the uncertainty in the 
composition of the common-Pb is restricted to the blank-Pb isotopic composition.
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Figure 4 shows the growth of uranogenic Pbtotol (207Pb and 206Pb, expressed as 
ppm) through time as a function of a sample's U concentration (ppm). Contours of 
Pbtotol are indicated as dotted lines, which were calculated from the relationship:

and

1
137.88

(13)

Also shown are curves of equal 207Pb/ 204Pb ratio (=75) for a specified sample size and 
constant laboratory blank, which can be calculated from Equation 4.

Figure 4 illustrates the dependence of the sample/blank ratio to the age of the 
zircon, its U abundance, and the absolute abundance of the laboratory blank. It has 
been known for nearly thirty years that there exists a negative correlation between zircon 
grain-size and age discordance (Silver and Deutsch 1963), and a positive correlation 
between magnetic susceptibility and U abundance (Silver 1963, Krogh 1982b, Krogh and 
Davis 1974). As a general rule (but by no means firm), severe to moderate degrees of 
age discordance are observed in zircons of Archean age when their U abundance exceeds 
ca. 200 ppm, and likewise for Paleozoic zircons where their U abundances are greater 
than 1000 ppm. Moreover, the natural U abundance in zircon is rarely less than 40 ppm, 
and thus a field depicting the range of zircons likely to yield concordant analyses is 
drawn in the inset to Figure 4. For most of geological time, the total uranogenic Pb 
abundance in concordant zircon ranges between 5-100 ppm, with most falling in the 
range between 10-50 ppm.

Shown also on Figure 4 are curves of constant 207Pb/ 204Pb (=75) for samples 
weighing between 5-10 /ig with blank levels of 2,100, and 200 pg. This size range was 
chosen to represent the likely range (by weight) of single zircons in many medium- 
grained plutonic rocks (10 /ig) as well as fine-grained volcanic rocks (<5 /ig). The key 
point to the figure is that there exists in nature a real limit as to the type of zircon which 
will yield a meaningful age, and that to determine the age of small amounts (<20 /ig) of 
zircon, without compromising the result, the analyst must achieve a laboratory blank that 
is on the order of a few picograms of Pb. This level of laboratory blank has been 
achieved (and maintained) in several laboratories around the world, and the remaining 
portion of these notes will be used to highlight examples where this capability has been 
utilized to study a variety of geological problems.
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partial retention 
interval

dT/dt

D

time
FIGURE 2. Graphical illustration of closure-temperature concept modified from 
Dodson (1973). (a) The cooling curve (dT/dt) over the time interval of interest is 
linear, and the partial retention interval is that segment of the curve where daughter 
isotopes begin to accumulate but where diffusion is ongoing. For minerals cooling 
through this interval, the closure temperature (Tc) is defined by the apparent age (fc) of 
the system, (b) The accumulation curve, showing the retention of daughter (D) relative 
to parent (P) over time. Broken lines indicate the approximate limits of the partial 
retention interval, as well as the extrapolation of the apparent mineral age (fc) to the 
cooling curve (dT/dt).
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FIGURE 3. Absolute errors (Ma) of the ^Pb/^Pb age as a function of the measured, 
uncorrected mPb/**?b ratio for 100 Ma, 500 Ma, and 2500 Ma samples. Two different 
sources of error are plotted together: the measurement precision of the uncorrected 
^Pb/^Pb ratio (thin solid lines) and the error generated by a 2% uncertainty in the 
initial ^Pb/^Pb (thick dashed line). Absolute age errors arising from 0.1% and 1% 
measurement uncertainties were calculated by determining the Pb/^Pb age for a 
given ^Pb/^Pb ratio, then again using the ^Pb/^Pb ratio plus the indicated error. 
Similarly, absolute age errors arising from a 2% uncertainty in the initial-Pb were 
calculated by determining the ^Pb/^Pb age for a given ^Pb/^Pb ratio assuming a 
Stacey and Kramers' (1975) model-Pb, then again using a 2% larger initial ^Pb/ Pb 
(cf. Mattinson 1987), and taking the difference. Note that is it convenient to reference 
^Pb/^Pb age errors relative to the measured ^Pb/^Pb, rather than the **Pb/**Pb 
(also shown in the upper abscissa), because of the smaller variation of ^Pb/^Pb over 
time.
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FIGURE 4. Growth of uranogenic Pb (^Pb and ^Pb) in zircon as a function of 
uranium abundance (plotted logarithmically) and age. Contours of uranogenic Pbtota, are 
shown as dotted lines at concentrations of 5, 10, 50, 100, and 200 ppm. Shown as solid 
lines are contours of equal ^Pb/^Pb (sample/blank = 75; see text and Fig. 3) for 
samples weighing 5 and 10 fig with laboratory blanks of 2, 100, and 200 pe, respectively 
(calculated using Equation 4 and an assumed laboratory blank of 206Pb/ Pb = 18.3,
207pb/204pb = 15 6) points t() the right an(j left Qf a g .ven curve mdicate 207pb^204pb

values greater and less than 75, respectively. Note that the constant sample/blank curves 
are in ppm (= /*g/pg, mg/ng, etc.) making the conversion to different sample sizes and 
blank levels convenient (e.g. 5 ^g/2pg = 5 mg/2 ng). Shown in the inset is the field of 
naturally-occurring, concordant zircons, defined approximately by the collective 
observations of the ROM geochronology laboratory over the past 10 years. Note that for 
most zircons of late Proterozoic and younger age, uncompromised single-grain (< 10 fig) 
analyses may be achieved only if blank levels are ca. 25 pg or less.
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40Ar/39Ar dating technique

The 40Ar/39Ar dating technique is a variant of the 
conventional K-Ar method. To obtain an age by this 
technique, the sample of unknown age and a stan 
dard of known age are irradiated together in a nu 
clear reactor to produce 39Ar from K by fast neu 
tron bombardment. After irradiation, the 40Ar/39Ar 
ratios of sample and standard are measured. The age 
of a sample can be calculated from its 40Ar/39Ar 
ratio when compared to the 40Ar/39Ar ratio of the 
standard. Most importantly, only the isotopic com 
position of argon need be measured and this is done 
by gas-source mass spectrometry, potentially a very 
precise analytical technique. In contrast, for a con 
ventional K-Ar date, both 40K and 40Ar must be 
measured quantitatively. To do this, argon in one 
aliquant of the sample is measured by isotope-dilu 
tion, gas-source mass spectrometry. Potassium in a 
different aliquant of sample is determined by some 
other analytical method such as flame photometry, 
X-ray fluorescence, or isotope-dilution solid-source 
mass spectrometry. Thus, one inherent problem of 
the conventional K-Ar technique is the necessity of 
measuring isotopic abundances for separate ali- 
quants of the same sample. This poses the danger 
that, because of sample inhomogeneity, different 
potassium and/or argon contents may exist in each 
aliquant. Two major advantages of the 40Ar/39Ar 
dating method are: only isotopic ratios of argon 
need be determined, and all measurements are 
made on the same sample aliquant, thus avoiding 
the question of homogeneity. In addition, by the 
40Ar/39Ar method, it is possible to obtain a series of 
dates on a single sample when the argon is extracted 
by step heating. The combination of these advan 
tages potentially increases the precision of the 
40Ar/39Ar method over the conventional K-Ar tech 
nique. However, the 40Ar/39Ar technique will suffer 
if proper corrections are not made for interfering 
radiation-induced isotopes.



40Ar/39Ar age equation

Details of the 40Ar/39Ar dating technique have 
been discussed by Dalrymple et al. (1981). For the 
purposes of this study, a summary of the formula 
tion of the age equation is presented below. This 
summary is germane to understanding how some 
variables can be optimized to improve the precision 
of the technique.

The age of a sample is calculated according to the 
relationship:

tu = £ to (JF + 1), (1)

where tu is the calculated age of the unknown sam 
ple, X is the decay constant for decay of 40K, J is 
related to the neutron flux during irradiation, and F 
is the ratio of 40ArR (radiogenic 40Ar) to 39ArK (po 
tassium-derived 39Ar) of the sample. The decay 
constants used in this study are those recommended 
by Steiger and Jager (1977), i.e., \ ( = 0.581 
X l<T 10/yr, \0- = 4.962 X KT 10/yr, and X = \t + X^ 
= 5.543 X 10~ 10/yr. The flux parameter, J, is calcu 
lated according to the relationship:

j = (e*. - l)/(«°Ar^39ArK)m> (2)

where tm is the age of the primary flux monitor (Le., 
standard), and (40ArR/39ArK)m is the measured ratio 
of the standard. The standard for this experiment is 
hornblende MMhb-1 with the percent of K = 1.555, 
40ArR = 1.624 X 1(T9 mole/g, andK-Ar age = 519.4 
m.y. (Alexander et al., 1978; Dalrymple et al., 
1981).
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In reality, the determination of an age by the 
40Ar/39Ar technique is not a simple matter of mea 
suring 40ArR and ArR. As in the conventional K-Ar 
technique, a correction for the presence of atmo 
spheric 40Ar must be made by using 36Ar and the 
recommended atmospheric 40Ar/39Ar ratio of 295.5 
(Steiger and Jager, 1977). Just as importantly, cor 
rections must be made for irradiation-produced 
40Ar (from 40K), 39Ar (from 42Ca), and 36Ar (from 
40Ca). Corrections for each are reactor-specific and 
are made by measuring argon production ratios on 
irradiated, pure potassium and calcium salts. For 
this study, the samples were irradiated in the 
TRIGA reactor of the U. S. Geological Survey, 
Denver, Colorado. Argon production ratios for 
these samples are (36Ar/37Ar)Ca = 2.67 ± 0.017 
X 10"4 (25 determinations), (39Ar/37Ar)Ca = 6.73 
± 0.037 X 10~4 (25 determinations), and ( 40Ar/ 
39Ar)K = 0.59 ± 0.072 X 10~2 (4 determinations) 
(Dairy mple et al., 1981). The production ratios 
were confirmed for this study. No correction was 
made for 36Ar produced from chlorine, an interfer 
ence recently pointed out by Roddick (1983), but 
calculations based on his work, and the fact that the 
muscovites of this study contain little or no chlo 
rine, show that this interference is negligible. The 
only additional correction made was for the decay 
of unstable, reactor-produced 37Ar, which has a 
half-life of about 35.1 days. Thus, the actual (40ArR/ 
39ArK) ratio or F is calculated from the relationship:

40

F = ~ = {(40Ar/39Ar) - 295.5[(36Ar/39Ar) 
ArK

- (36Ar/37Ar)Ca(37Ar/39Ar)] - (40Ar/39Ar)K }/

1 - (39Ar/37Ar)Ca(37Ar/39Ar), (3)

after a correction for 37Ar decay is made.

31



40Ar/39Ar age spectra

The 40Ar/39Ar method was first used in total fu 
sion experiments in which an irradiated sample was 
completely melted and all isotopes of argon mea 
sured in a single analysis to calculate an age for the 
sample. This total fusion age is roughly analogous to 
a conventional K-Ar age of the sample except that 
no isotopic concentration measurements are re 
quired. Very soon after the first uses of the 
40Ar/39Ar method, it was realized that a sample 
could be progressively degassed in temperature in 
crements (Turner, 1968). An age could be calcu 
lated for each increment of gas released and the 
ages of all temperature increments of a sample were 
plotted against percent of released argon to form an 
age spectrum. The character of the spectrum can be 
evaluated within a theoretical framework to inter 
pret the apparent distribution of potassium and 
argon within the sample. Turner (1968) showed 
that some spectra of meteorites display characteris 
tics that would be expected if volume diffusion 
were the dominant mechanism controlling the loss 
of argon from a sample in the geologic environment. 
Since that time, many studies have shown that 
meaningful ages of samples could be determined by 
the age spectrum technique even though some loss 
of 40ArR had occurred during the sample's geologic 
history. It should be noted here that loss or gain of 
40ArR by a sample will result in an erroneous con 
ventional K-Ar age. Furthermore, since loss or gain 
of 40ArR in a sample is generally thermally con 
trolled, samples from thermally complex regions 
(such as ore deposits) should be analyzed by 
40Ar/39Ar age spectrum techniques.



Fission-Track Dating 
(P.K. Zeitler)

1. Introduction
Not every atom of uranium decays to lead. Occasionally, once per every two 

million or so ^TF atoms that undergoes o-decay to Pb, a 238U atom will decay by 
spontaneous fission into two halves of subequal mass. These two fragments fly apart 
with high initial velocity, and as they slow down and transfer energy to the host lattice, 
they inflict a linear damage trail that is on the order of 10-15 microns in length. The 
density of such fission tracks is proportional to U content and age, and thus the 
spontaneous fission of ^^U provides us with a geochronological method. After chemical 
etching these tracks become visible and thus countable using an optical microscope at 
magnifications of 500-1500 X. Further, it turns out that the strained portion of the 
crystal lattice that constitutes a fission track is susceptible to repair via diffusion, and it is 
observed in the common U-bearing accessory minerals that fission tracks "fade" or 
"anneal" at low to moderate temperatures. Thus the minerals used in fission-track dating 
are all useful as low-temperature thermochronometers.

The book by Fleischer, Price, and Walker (1975), although somewhat dated, 
provides a thorough overview of charged particle tracks. Naeser (1979) and Naeser et al. 
(1989) include concise summaries of the fission-track method as well as examples of 
applications. Hurford and Green (1982, 1983) discuss several important aspects having 
to do with methods and calibration of fission-track analysis. Finally, papers by Gleadow 
et al. (1983, 1986) and by Green et al. (1989) are a good introduction to the 
thermochronological uses of confined fission-track lengths.

2. Methods and Materials
In principle any U-bearing mineral can be dated by the fission-track method, but 

in practice apatite, zircon, and to a lesser extent sphene are the minerals that are 
commonly used and well calibrated. Because of the heterogeneity of U concentration 
within and between mineral grains, almost all fission-track determinations are now done 
using the "external detector method." This involves mounting, polishing, and etching of a 
sample to reveal the spontaneous fission tracks, and then the covering of this grain 
mount with a thin wafer of detector material, usually muscovite. This package is sent to 
the reactor for irradiation by thermal neutrons, which cause some of the 238U in the 
sample to undergo fission. Upon return to the laboratory, the detector is removed and 
etched to reveal the tracks induced in the reactor. This procedure allows individual 
grains and parts of individual grains to be dated by comparing the ratio of spontaneous 
to induced tracks in the area of interest, and then the use of some protocol to reference 
this ratio to that of an age standard.

Because in fission-track dating relatively few tracks are counted (something like 
500 to 1000 tracks might be typical for an analysis), the uncertainties associated with an 
individual analysis are dominated by the Poisson statistics that must be used when 
counting radioactive decay events. For a Poisson distribution, the standard deviation is 
given by the square root of the mean; for example, 1000 tracks must be counted to attain
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a 3% uncertainty on a track density. What this means in practical terms is that it quickly 
takes an intolerable increase in analytical effort to achieve a modest reduction in 
uncertainties. Furthermore, in young samples it is often not possible to find many more 
than 50 or 100 tracks. When all sources of uncertainty are included, realistic 
uncertainties for a fission-track age determination will range from 5 to 10%.

It is important not to let the apparently large uncertainties associated with 
fission-track dating overshadow the method's advantages. First, fission-track dating 
remains one of the few geochronological techniques to routinely allow age 
determinations to be made on individual grains. Second, although the method is 
imprecise, it is worth keeping in mind that a single spontaneous fission track represents 
the fossilized remains of a single atom of U: the method is clearly very sensitive! Third, 
the great temperature sensitivity of fission tracks in apatite provide us with a very 
low-temperature thermochronometer that is of great use in structural and basin studies; 
it is also worth noting that apatite fission-track is the one thermochronometer that can 
and has been directly calibrated by means of deep boreholes. The key point to 
remember when using fission-track dating (as with any other method, for that matter) is 
simply to pose questions the method can answer; there are numerous geologic problems 
that can be usefully constrained even with a 10% level of uncertainty.

3. Fission-Track Annealing and Thermochronology
Early in the development of fission-track dating it was noted that tracks fade 

when a sample is heated. Calk and Naeser's (1969) classic study of the overprinting 
associated with intrusion of a basaltic plug into a felsic pluton demonstrated just how 
systematic and potentially useful this annealing behavior could be (Figure 1). At about 
the same time, geochronologists working in the Alps showed how the great temperature 
sensitivity of the fission-track method could be brought to bear on problems of tectonics 
and unroofing, since one of the consequences of even relatively minor tectonic activity is 
uplift and erosion, which in turn will cool rocks at depth (Wagner and Reimer, 1972).

By means of laboratory annealing experiments and geological calibrations 
(including sampling of deep boreholes in which the density of spontaneous fission tracks 
can be observed to go to zero (e.g.,Naeser, 1981)), the closure behavior of the minerals 
used in fission-track dating has been reasonably well constrained. At a cooling rate of 
lOtVm.y., apatite has a closure temperature of about HOilOt!, zircon has a closure 
temperature of about 200 ±401! (Naeser et al., 1989), and sphene has a closure 
temperature of somewhere between 250 and 300 ̂ C (sphene ages usually come out to be 
fairly close to K-Ar biotite ages). A great deal of laboratory work is currently underway 
to more precisely calibrate the annealing kinetics of apatite, which lends itself well to 
laboratory study (unlike zircon and sphene, which cannot be meaningfully studied by 
laboratory heating experiments for technical reasons having to do with the way 
accumulated radiation damage influences their etching behavior (Gleadow, 1978).

4. Track Lengths and Thermochronology
For reasons that are not well understood, fission-track annealing occurs by the 

shortening of tracks (as tracks shorten they will have a lower probability of intersecting
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the etched surface, and thus the observed track density decreases as shortening 
progresses even though the numbers of tracks may not decrease). In the case of apatite, 
it has been found that the distribution of fission-track lengths in a group of samples 
provides a data set that is powerfully complementary to the distribution of measured 
ages. The apparent track-length distribution seen at the surface of a mount is strongly 
biased by the fact that most of the tracks are dipping steeply, and also by the fact that 
most of these tracks have been amputated during the polishing process. Therefore, what 
is specifically measured are the lengths of horizontal confined tracks found within 
crystals; such tracks are surprisingly common and develop when etchant penetrates along 
other fission tracks (tracks in tracks, or TINTs) or along features such as cleavages or 
partings (tracks in. cleavages, or TINCLEs).

Track-length histograms are roughly analogous to diffusion profiles in that they 
can record some of the details of a sample's thermal history. Fission-tracks generally 
vary in length for the simple reason that each track is formed at a different time. Thus, 
early-formed tracks suffer through much more of a sample's history than tracks formed, 
say, just before etching in the laboratory. During very slow cooling, tracks formed just as 
a sample enters the closure interval will suffer significant shortening before the sample 
reaches the end of this interval, and such a sample will show a broadened distribution of 
track lengths (Figure 2). On the other hand, during rapid cooling, hardly any tracks will 
form during the sample's brief passage through the closure interval, and such a sample 
will tend to have a tight distribution of long tracks. A number of other possibilities exist, 
as shown by Figure 2.

5. Areas of Research and Controversy
Much of the current research in fission-track dating is being directed towards a 

better understanding of annealing kinetics in apatite, largely because of the utility this 
low-temperature thermochronometer has in constraining the thermal evolution of 
sedimentary basins (although the slow-cooling closure temperature of apatite is around 
HOT!, for geologic time scales the partial track stability zone extends to as low as TOT 
and to as high as 150T, a temperature range of great interest to petroleum geologists 
interested in hydrocarbon maturation). It has been found (e.g.,Crowley et al., 1990) that 
the composition of apatite can have a moderate influence on annealing behavior, with 
chlorapatites being somewhat more resistant to annealing. This finding has led workers 
to repeat previous annealing studies in an effort to remove the effects of sample 
variability that might have clouded these studies. A related effort has been to develop a 
fundamental model to predict annealing behavior theoretically; currently, annealing 
models involve merely empirical best-fits through measured data. Finally, several 
workers have begun to develop inverse models of track-length distribution in an attempt, 
first, to get a feeling for how adequately track-length data can constrain a thermal 
history, and second, to increase the degree of objectivity in the interpretation of thermal 
histories.
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1. Resetting profile of apatite and sphene fission-track ages in quartz monzonite located 
immediately adjacent to a basaltic intrusion. Data from Calk and Naeser (1973). Note that: 
(1) near the intrusion, both apatite and sphene provide good estimates for the time of 
intrusion; (2) at distance from the intrusion, apatite and sphene ages reflect the regional 
cooling history of the host batholith; and (3) at moderate distances from the intrusion, 
sphene and apatite give different ages consistent with their different resistances to fission- 
track annealing (the apatite is reset further from the contact because of its greater 
temperature sensitivity).
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2. Schematic track-length distributions for confined tracks in apatite, for various thermal 
histories, (a) Under conditions of fast cooling, all tracks are nearly full length, as most 
tracks form when the sample is cool, (b) Under conditions of slow cooling, some of the 
tracks that formed as the sample entered the partial stability zone will have shortened by the 
time the sample has cooled out of this zone. Hence, the distribution is broadened, although 
full length tracks formed at low temperatures are still abundant, (c) Should a sample 
experience a mild thermal event sometime in the past, the previous complement of fission 
tracks will be shortened; following the event all new tracks will be of full length, resulting 
in a bimodal length distribution, (d) A sample that has experienced an episodic heating 
event in the recent past will contain few or no long tracks, resulting in a broad distribution 
of lengths that is shifted to low values. Note (1) that full length for a spontaneous track in 
apatite is about 15 microns, (2) that a track-length analysis usually consists of the 
measurement of 100 lengths, and (3) that the distributions pictured above are best thought 
of end-members, with intermediate distributions being very probable.
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K-Feldspar Ar/ Ar Thermochronology 
(P.K. Zeitler)

1. Introduction
The K-Ar dating of potassium feldspars has long endured a bum rap, starting in 

the 1950's when geologists became disgruntled by the fact that the mineral always 
seemed to give ages that were far too young. This myth of unreliability became deeply 
entrenched, and the point was reached where K-feldspar was blamed for leaking Ar even 
at room temperature! We now know that ^Ar/ 39Ar dating of K-feldspar is a 
thermochronometric system of enormous potential in constraining temperature histories 
in the range ISOT! to over SOOT!. How did such a shift in opinions come about?

It's taken some fifteen years to rehabilitate K-feldspar's reputation among (most) 
K-Ar geochronologists. The study by Poland (1974) of Ar diffusion kinetics in orthoclase 
led the way. Poland showed that Ar loss from feldspar occurs in an orderly fashion and 
that given large enough grains, K-feldspar could be quite retentive of Ar; Poland also 
pointed out that a likely cause for low ages were the perthite lamellae and other 
microstructural features that are nearly ubiquitous in feldspars-they would tend to 
diminish the effective grain size in a sample and lead to enhanced Ar loss at lower 
temperatures. Perhaps the next important step forward was the 40Ar/ 39Ar study by 
Harrison and McDougall (1982) of microclines from a slowly cooled batholith. They 
found that their samples all yielded continuously rising "staircase" age spectra, which they 
interpreted to reflect diffusion profiles resulting from slow cooling. Further, Harrison 
and McDougall also applied an approach (also being used by Berger and York (1981) at 
about the same time) in which the loss of 39Ar during laboratory heating was exploited to 
determine diffusion parameters specific to the sample under analysis. They found that 
their samples had low closure temperatures of roughly 150t!, consistent with the 
samples' ages and the thermal history of their host rock.

2. Summary of K-Feldspar Systematics
What does theory have to say about the nature of 40Ar/ 39Ar age spectra? A 

sample that has been episodically overprinted or slowly cooled should yield a convex-up 
age spectrum (Figure 1). This assumes that the sample is composed of grains all having 
the same diffusion dimension. If a range of diffusion dimensions is present, then, as first 
shown by Turner (1968), the age spectra resulting from episodic Ar loss are quite 
different and for moderate to high losses are concave-up (Figure 1). This change in 
shape occurs because (1) for a specified degree of Ar loss from the bulk sample, the 
smaller grains will tend to be completely overprinted whereas the larger grains will tend 
to be untouched, and (2) Ar from the smaller grains will dominate during the early 
stages of gas extraction in the laboratory.

Theory also predicts that the age spectrum from a continuously cooled sample 
should have "relief about equal to the time it took to cool about 70t to lOO'C 
(Dodson, 1986). Actually, Dodson's work on closure profiles addressed concentration 
profiles; it was not until the publication of the paper by Lovera et al. (1989) that a 
solution was available for calculating theoretical age spectra for the case of slow cooling.
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How do natural samples behave? Slowly cooled samples do indeed yield age 
spectra that reflect the presence of diffusion profiles (e.g.,Figure 2). Episodically 
overprinted samples not only show evidence for marked diffusion profiles but also 
behave like they contain a range of diffusion dimensions (Harrison et al., 1986; Gillespie 
et al., 1982; Zeitler, 1987; Figure 3). It would seem that K-feldspar has great potential as 
a complex thermochronometer.

The papers by Lovera et al. (1989, 1991) synthesized the work of the previous 
decade and took several important steps further, including development of a closed-form 
solution for calculating slow-cooling age spectra. Of most relevance to K-feldspar 
systematics, Lovera et al. showed (1) that slow-cooling age spectra modelled using a 
range of diffusion dimensions fit observed data far better than traditional models, and 
predict segments of thermal histories in better agreement with independent constraints, 
(2) that the distribution of diffusion-domain sizes found in their samples tend to consist 
of three or four discrete sizes, not a continuum, (3) that this distribution of sizes is 
evident in both the release of reactor-produced, laboratory-outgassed 39Ar, and in the 
age-spectrum systematics of radiogenically derived 40Ar, and (4) that the smallest 
diffusion domains must be micron or submicron in size (in fact, Lovera et al. (1991) were 
able to show that a single large sand-sized grain of feldspar exhibited the same behavior 
as a bulk separate).

It appears then that most K-feldspar grains contain several diffusion domains of 
varying sizes. Thus, the shape of a K-feldspar age spectrum will be a function not only 
of thermal history but also of domain size distribution. Fortunately, examination of the 
laboratory release kinetics of 39Ar allows one to make an independent determination of 
the domain-size distribution. In the ideal situation, the presence of a range of differently 
sized diffusion domains allows a considerable portion of a sample's cooling path to be 
constrained, as each domain will record some 70t! to lOOt! of the cooling path 
(Dodson, 1986; there is usually, of course, some overlap between the temperature 
segments constrained by each domain).

4. Some Final Comments on K-feldspar Thermochronometry and Domain Theory
One of the most important realizations to emerge from all of the renewed interest 

in the K-Ar dating of K-feldspar is that the closure temperature of K-feldspar is not 
1501! (a number we geochronologists tossed around quite a bit a few years ago). Of 
course no thermochronometric system has a single closure temperature associated with it, 
dependent as closure temperature is on sample-specific properties like diffusion 
dimension, activation energy, diffusivity, and cooling rate. But in the case of K-feldspar, 
this is especially true, for each domain will a closure temperature. Furthermore, it's 
been found that few domains in few samples have slow-cooling closure temperatures as 
low as 15(m

A second thing to recognize if you're feeling uncomfortable with the notion of 
diffusion domains is that the "domain theory" is firmly supported by a large body of 
observations, and that's the bottom line, not all the fancy math and theory that can be 
trotted out in the theory's favor. If variations in diffusion dimension bother you, note 
that all of the observations of domain theory could be explained by having regions within
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a crystal of varying diffusivity, rather than having regions of constant diffusivity but 
varying size. Note however that if you do this, you're still stuck with the notion of 
domains, only this time they'd be diffusivity domains, rather than size domains.

5. Areas of Research and Controversy
Current research in K-feldspar thermochronology has several foci. One area of 

study is the refinement of conceptual models of Ar diffusion systematics. In this regard, 
Harrison et al. (1991) have found evidence that different diffusion domains within a 
sample may have varying activation energies, which provides an explanation for some of 
the types of deviant spectra that are sometimes measured, but which will complicate the 
modelling of spectra. Other researchers are attempting to understand what diffusion 
domains actually are, particularly the smaller ones. This is an important area, as some 
controversy over the nature of Ar diffusion in K-feldspar has emerged: for example, 
Parsons et al. (1988) claimed that Ar diffusion in feldspars is controlled not by regular 
geometric features, but instead by what they termed "micropores." Finally, attempts are 
being made to invert K-feldspar spectra to determine temperature-time paths free from 
the uncertainties and assumptions inherent in the forward modelling that is currently 
done.
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1. Theoretical age spectra for the case of slow cooling/episodic loss (solid lines), and episodic 
loss experienced by a sample containing domains having a range of diffusion dimensions 
(dashed lines).
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preserved internally within the K-feldspar age spectrum, for the period 11-14 Ma. Data 
from Zeitler et al., 1988)
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3. Age spectra from several aliquots of purified K-feldspar subjected to heating prior to 
irradiation. The samples heated to high temperatures yield strongly concave-up spectra, 
with the youngest ages being indistinguishable from zero (thank goodness!). Compare 
these results to the theoretical curves shown in Figure 1. The nature of the spectra is 
consistent with the presence of a range of diffusion dimensions within each sample. After 
Zeitler (1987).  H-



CASE STUDY TOPICS

I. CHRONOSTRATIGRAPHY

Siwalik Molasse, Himalayas, Pakistan 
(P.K. Zeitler)

1. Introduction. Tracks and the Time Scale-Oil and Water?
Some people have grave reservations at seeing the term "fission-track dating" 

juxtaposed anywhere near the holy word "chronostratigraphy." Is such skepticism 
justified? Maybe yes, maybe no.

First, for very young rocks less than a million years in age, the fission-track 
method can compete successfully against other methods. Second, the justification for 
using fission-track dating in attacking a chronostratigraphic problem depends on the 
problem and the time resolution that is required. In applications such as the one 
presented below, all that is required is an approximate fix in time, in order to allow a 
magnetostratigraphic section to be correlated to the magnetic polarity reversal time 
scale. Third, the fission-track method does have the advantage that it allows individual 
grains to be dated. Thus, it is sometimes possible to detect and ameliorate the effects of 
detrital contamination, which is very common in volcanic ashes. Finally, fission-track 
dating can serve as a useful cross-check on a date obtained by another method, both in 
terms of age, and in terms of identifying any unsuspected potential thermal disturbances 
which might have affected other dating systems as well.

The drawback to fission-track dating remains the rather large uncertainties that 
are typical of fission-track ages. An age of 150 ± 15 Ka (10% error) might be useful for 
some of the goals of Quaternary geology, but an age of 400 ± 40 Ma (10% error) is 
unlikely to be of much use to most geologists. With some exceptions for young samples, 
it is probably best to just say no to any suggestion of doing direct "time scale work" using 
the fission-track method.

2. Case Study: Magnetostratigraphy of a Neogene Foreland Basin. Pakistan
Some ten kilometers of molasse sediments (Siwalik molasse) occur in the 

foredeep which runs the length of the Himalayan chain. These terrestrial clastic 
sediments are very important for several reasons. First, in their facies and in their 
petrology, these rocks provided an integrated record of the latter phases of the 
Himalayan Orogeny in the hinterland. Second, particularly in Pakistan, where there is 
abundant salt in the Phanerozoic platform section of the northern Indian plate, the 
Siwalik molasse has become highly deformed, and this deformation serves as a detailed 
record of tectonic events in the foreland. Finally, specimens of Ramapithecus have been 
found in the Siwalik sediments.

The only geochronological tool capable of providing a detailed chronology for the 
fluvial sandstones and shales of the Siwalik Group is magnetic polarity reversal 
stratigraphy. Throughout the 1970'sand 1980's, teams from Dartmouth College,
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Lamont-Doherty, and Yale University erected a detailed conventional and magnetic 
stratigraphy for these rocks. However, what was needed were widely available tie points 
with which to lock the observed magnetic sections into the magnetic-reversal time scale. 
Fortunately, at several levels in the Siwalik section, thin (usually 5-10 cm) bentonites can 
be found (Johnson et al., 1982). The source of these bentonites was probably the 
Dacht-e-Nawar volcanic complex, located about 600 km to the west in eastern 
Afghanistan.

The bentonites found within the Siwaliks proved to be useless for K-Ar dating: 
what little feldspar remained was heavily contaminated by detrital material, and the 
sometimes plentiful biotites were thoroughly vermiculitized. However, the bentonites 
also contained euhedral crystals of light pink zircon, which proved straightforward to 
date using the fission-track method. By dating the zircons, even with precision on the 
order of ±10% or more, it was possible to justify the correlations that been made to the 
reversal time scale (Figure 1). Thus, although both the fission-track analysis and the 
interpretation of the resulting dates were simple, the work was of great importance to 
the larger project. A sampling of some of the work that reports on and discusses the 
implications of the detailed Siwalik Group chronology is given below.
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Abstract. 40Ar/ 39 Ar age spectra have been obtained 
from 85 sanidine separates from 36 ignimbrites and one 
rhyolitic lava in the latest Eocene-Oligocene Mogollon- 
Datil volcanic field of southwestern New Mexico. Of 
the 97 measured age spectra, 94 yield weighted-mean 
plateau ages each giving single-spectrum 1 a precision 
of ±0.25%-0.4°/o (±0.07-0.14 Ma). Replicate plateau 
age determinations for eight different samples show 
within-sample \a precisions averaging ±0.25%. Pla 
teau ages from multiple (« = 3-8) samples of individual 
ignimbrites show \a within-unit precision of ±0.1%- 
0.4% (±0.04-0.13 Ma). This within-unit precision rep 
resents a several-fold improvement over published K- 
Ar data for the same ignimbrites, and is similar to the 
range of precisions reported from single-crystal laser 
fusion studies. A further indication of the high preci 
sion of unit-mean ^Ar/^Ar ages is their close agree 
ment with independently established stratigraphic or 
der. Two samples failed to meet plateau criteria, appar 
ently due to geologic contamination by older feldspars. 
Effects of minor contamination are shown by six other 
samples, which yielded slightly anomalous plateau 
ages. 40Ar/ 39 Ar plateau ages permit resolution of units 
differing in age by 0.5% (0.15 Ma) or less. This high re 
solution, combined with paleomagnetic studies, has 
helped to correlate ignimbrites among isolated ranges 
and has allowed development of an integrated time- 
stratigraphic framework for the volcanic field. Mogol 
lon-Datil ignimbrites range in age from 36.2 to 24.3 Ma. 
Ignimbrite activity was strongly episodic, being con 
fined to four brief (< 2.6 m.y.) eruptive episodes sepa 
rated by 1-3 m.y. gaps. Ignimbrite activity generally 
tended to migrate from the southeast toward the north 
and west.

Introduction
i

The need for high-resolution 40Ar/ 39Ar geochronology 
is acute in mid-Tertiary silicic volcanic fields where ma-

Offprini requests to: WC Mclntosh

jor ignimbrites (ash-flow tuffs) have in some cases been 
erupted at intervals of 0.2 Ma or less, and differences in 
eruption ages are unresolvable by conventional K-Ar 
geochronology. Under the best circumstances, conven 
tional K-Ar dating yields within-sample 1 a precisions 
near ± 1.0% (Lanphere 1988); in practice, however, 
within-unit standard deviations of reported K-Ar ages 
from individual ignimbrites may exceed ±5% (e.g., 
Marvin et al. 1987).

'"'Ar/^Ar dating techniques can yield ages which 
are several times more precise than the best conven 
tional K-Ar ages. This high precision chiefly results 
from the ability to simultaneously measure radiogenic 
40AT and ^K (as reactor-produced 39Ar) on a single ali 
quot of sample (Turner 1968; Roddick 1983). Further 
more, the ^Ar/^Ar method can provide accurate ages 
without extracting all Ar from a sample, thereby over 
coming the chronic problem of incomplete '"'Ar extrac 
tion in K-Ar dating of sanidine and anorthoclase 
(McDowell 1983).

Currently, the two variations of the ^Ar/^Ar 
method used for high-precision age determinations are 
age spectra (e.g., Lanphere 1988) and laser-heating total 
fusions (e.g., Dalrymple and Duffield 1988). Age spec 
tra offer two advantages. First, the shape of the age 
spectrum allows identification of samples which have 
been affected by Ar loss or excess Ar. Second, precision 
can be increased by statistically treating incremental- 
heating-step data using plateau or isotope correlation 
methods. On the other hand, the laser-heating, total-fu 
sion method offers advantages of small blank, single- 
grain sample size, rapid analysis, and easy identifica 
tion of contamination. Within-sample and within-unit 
Icr precisions of about ±0.5% have reported for ^Ar/ 
39Ar age spectra from biotites (e.g., Lanphere 1988), 
and even higher precision has been reported from laser- 
heating, 40Ar/ 39Ar total-fusion dating of small samples 
or single crystals of sanidine (Dalrymple and Duffield 
1988; Deino and Best 1988; Deino 1989).

This paper reports the results of a 40Ar/ 39Ar sanid 
ine age spectra study of regional ignimbrites in the Mo 
gollon-Datil volcanic field of southwestern New Mexi-



co. The application of this data to Mogollon-Datil vol 
canic stratigraphy and to calibration of the mid-Ter 
tiary magnetic polarity time scale is discussed else 
where (Mclntosh 1989: Mclntosh et al. 1986, in
press).

Mogoilon-Datil volcanic field

The Mogollon-Datil volcanic field is the northern tip of 
a once contiguous late Eocene-Oligocene volcanic field 
that extended from southwestern New Mexico into 
Chihuahua, Mexico (Fig. 1). This relatively accessible 
volcanic field has been the focus of numerous mapping, 
stratigraphic, geochemical, petrologic, and isotopic 
studies (e.g., see references in Ratte et al. 1984; Osburn 
and Chapin 1983b). The general history of Mogollon- 
Datil activity resembles that of the San Juan volcanic 
field of Colorado (Lipman et al. 1978). Activity began 
with andesitic volcanism from about 40 to 36 Ma, 
which was followed by episodic bimodal silicic and 
basaltic andesite activity from 36 to 24 Ma (Gather et 
al. 1987; Elston 1984). The silicic sequence includes 
about 25 widespread (> 1000km2), voluminous (50- 
1300km3), high- and low-silica rhyolitic ignimbrites. 
Source cauldrons have been identified for many of

these ignimbrites (Osburn and Chapin 1983a; Elston 
1984), but regional correlations of outflow sheets have 
been problematic. Although local stratigraphic se 
quences have been established by detailed mapping 
(e.g., Ratte et al. 1984; Seager et al. 1982), regional cor 
relations have been hampered by extensional faulting 
and tectonism and by lithogic similarities among units 
(Mclntosh et al. 1986; Hildreth and Mahood 1985).

Conventional K-Ar and fission-track data have 
proven too imprecise to allow reliable correlation of 
many Mogollon-Datil regional ignimbrites. For most 
units, only a small number of K-Ar dates are available, 
and these data in many cases disagree with indepen 
dently established stratigraphic relationships (e.g., 
Clemens 1976). Where several K-Ar or fission-track 
dates have been determined for individual units, with- 
in-unit standard deviations generally exceed ±5%, or 
about ± 1.4 Ma (e.g., Marvin et al. 1987). For many of 
the units, sanidine K-Ar dates are significantly younger 
than biotite K-Ar ages, apparently reflecting incom 
plete extraction of Ar from sanidine (McDowell 1983).

^Ar/^Ar age spectra from Mogollon-Datil ignim 
brites yield plateau ages far more precise than pub 
lished K-Ar data. ^Ar/^Ar dating and paleomagnetic 
studies have helped to correlate ignimbrites among iso 
lated ranges, thereby solving some long-standing strati-

Tertiory 
volconic 
outcrop

couldron 
morgin

Fig. 1. Map of *°Ar/ 39Ar dating samples from the Mogollon-Datil volcanic field. Numbered crosses show sample locations (precise 
locations in Mclntosh and Kedzie, in press) s~o
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Table 4. Summary of 40Ar/ 39Ar age data for Mogollon-Datil ignimbrites

Stratigraphic 
Unit

EPISODE 4 
Turkey Springsa
EPISODE 3 
Slash Ranch 3 
South Canyon
Walking X Canyon3 
Lemitar
Caronita Canyon
Triangle C Ranch3
Apache Springs 
Bloodgood Canyon 
Diablo Range 
Shelly Peak
Garcia Camp 
Vicks Peak
Lookout Mountain*1 
La Jencia
Davis Canyon
Mud Hole3 
Little Mineral Creek3
EPISODE 2 
u. Tadpole Ridge 
Caballo Blanco
Hells Mesa
EPISODE 1 
Box Canyon
Blue Canyon
Table Mountain3 
Rock House Canyon
Mimbres Peak 
Lebya Well 3
Kneeling Nun
Bell Top 4
Upper Sugarlump 
Fair Ranch3
Datil Well
Dona Ana 
Bell Top 3
Squaw Mountain 
Cueva

Ref.

5

14 
9 
8 
9 
9 

10 
11 
11 
12 
11 
4 
9 

18 
9 

11 
7 

18

6
17 
9

2 
9 
2 
9 
3 

13 
3 
1 

17 
13 
18 
16 

1 
15 
15

Extent 
(km)

62

22 
135

78 
40 
58 
35 

155 
10 
96 
25 

200

158 
125

28 
143 
152

225 
135

142

72 
213 
112 
50? 

143 
140 

8 
41 
11 
13

Volume 
(km3 )

700

450 
50

1200 
1000

100-200 

1050

1250 
200-400

1200 

>100

>900

40Ar/39Ar plateau age

n

2

1 
3 
1 
2 
1 
1 
1 
8 
1 
1 
1 
3 
2 
4 
2 
1 
1

1
5 
4

7 
2 
1 
1 
1 
1 
4 
3 
1 
1 
2 
1 
2 
1 
1

Ma

24.33

26.10 
27.36 
27.58 
28.00 
27.96 
28.05 
27.98 
28.05 
28.05 
28.59 b 
28.10 
28.56 
28.69 
28.85 
29.01 
29.09 
29.01

31.39 
31.65 
32.06

33.51 
33.66 
33.89 
34.42 
34.57 
34.70 
34.89 
34.96 
35.17 
35.57 
35.48 
35.49 
35.69 
35.75 
36.20

o-(Ma)

±0.03

±0.12 
±0.07 
±0.10 
±0.08 
±0.07 
±0.14 
±0.09 
±0.04 
±0.08 
±0.11 (28.1) 
±0.09 
±0.04 
±0.03 
±0.04 
±0.11 
±0.11 
±0.10

±0.11 
±0.06 
±0.10

±0.13 
±0.03 
±0.12 
±0.12 
±0.12 
±0.10 
±0.05 
±0.04 
±0.12 
±0.13 
±0.07 
±0.11 
±0.02 
±0.12 
±0.13

Regional ignimbrites are underlined. 3 denotes informal unit name; b indicates 40Ar/ 39Ar 
age affected by xenocrystic contamination (age in parentheses is based on Stratigraphic 
constraints). Extent is maximum exposed width (extents based on uncertain correlations 
are queried). Volume estimates are after Mclntosh et al. (1986), Ratte et al. (1984), and 
Elston et al. (1975). n is number of plateau ages used in mean, o is standard deviation of 
multiple ages or analytical error of single ages.
1, demons (1976); 2, Elston (1957); 3, Elston et al. (1975); 4, Duffield et al. (1987); 5, 
Ferguson (1986); 6, Finnell (1976); 7, R Harrison, personal communication 1988; 8, Hed- 
lund (1978); 9, Osburn and Chapin (1983b); 10, J Ratte, personal communication 1988; 11, 
Ratte et al. (1984); 12, Ratte and Gaskill (1975); 13, Ratte et al. (1989); 14, Richter (1978); 
15, Seager and McCurry (1988); 16, Seager et al. (1976); 17, Seager et al. (1982); 18, Woo-
dard (1982)
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History of Mogollon-Datil ignimbrite activity

40Ar/ 39Ar plateau ages determined from Mogollon-Da 
til ignimbrites range from 36.2 to 24.3 Ma indicate that 
ignimbrite activity was strongly episodic. Activity was 
confined to four brief (<2.6m.y.) eruptive episodes 
separated by 1-3-m.y. gaps during which no ignimbrites 
were erupted (Table 4, Fig. 8). The generalized history 
of the four Mogollon-Datil ignimbrite eruptive epi 
sodes are summarized below. Details of ignimbrite tim 
ing, distribution, and stratigraphy are presented in 
Mclntosh (1989) and Mclntosh et al. (in press).

Episode 1 (36.2-33.5 Ma). Mogollon-Datil ignim 
brite activity commenced at the southeast edge of the 
field with eruption of the Organ Mountains/Dona Ana 
Cauldron complex and associated outflow sheets from 
36.2-35.5 Ma. During the next 2 m.y. at least five re 
gional ignimbrites were erupted in the southern portion 
of the field (Table 4, Fig. 8), including the >900-km3 
Kneeling Nun Tuff at 34.9 Ma. Four 35.6-33.7-Ma out 
flow sheets are also present in the northern portion of 
the field (Datil Well, Fair Ranch, Lebya Well, and Blue 
Canyon tuffs in Table 4), although their calderas have 
not yet been identified.

Episode 2 (32.1-31.4 Ma). After a 1.4-m.y. hiatus, 
three low-silica rhyolitic ignimbrites were erupted i.e., 
the Hells Mesa (32.1 Ma, 1200km 3 ), Caballo Blanco 
(31.7 Ma), and Tadpole Ridge (31.4 Ma) tuffs.

Episode 1 Episode 2 Episode 3 Episode 4 

35.2-33.5 Mo 32.1-31.4 Mo 29.0-27.4 Mo 24.3 Ma

r
000^

I
'00 jr

 \ Mil I, , II!
35 34 32 30 28 26 24 Mo

Fig. 8. Time distribution of well-dated Mogollon-Datil ignim 
brites, showing episodic nature of volcanism. Vertical lines each 
represent a dated ignimbrite, with length proportional to esti 
mated volume from Table 4. Units with no available volume esti 
mate are conservatively shown as 50 km 3 for regional units (lat 
eral extent > 40 km) and 20 km 3 for more local units

Conclusions

40Ar/ 39 Ar age spectra from 85 sanidine separates yield 
weighted average plateau ages with single-spectrum 1 a 
precision of ±0.3%-0.4% (±0.07-0.14 Ma) and within- 
unit Icr precision of ±0.1%-0.4% (±0.04-0.13 Ma). 
Depending on the number of dated samples per unit, 
40Ar/ 39 Ar plateau ages presently allow resolution of 
units differing in age by less than 0.5% (0.12-0.15 Ma), 
and offer potential resolution of less than 0.2% (0.03- 
0.04 Ma).

40Ar/ 39Ar age spectra from eight sanidine separates 
show elevated apparent ages which apparently reflect 
contamination by older xenocrystic or lithic K-feldspar. 
Two of these spectra show ages which increase with ex 
traction temperature, but six meet the plateau criteria 
of Fleck etal. (1977).

The within-unit precision of Mogollon-Datil sanid 
ine 40Ar/39Ar plateau ages far exceeds that of pub 
lished K-Ar and fission-track data, and shows good 
agreement with independently established stratigraphic 
order. Furthermore, plateau ages from some of the bet 
ter studied units show within-unit precisions which are 
similar to those reported from laser-fusion 40Ar/39Ar 
dating studies. These plateau ages have helped resolve 
many of the long-standing ignimbrite correlation prob 
lems in the Mogollon-Datil volcanic field. The combi 
nation of ^Ar/^Ar plateau ages, paleomagnetic stud 
ies, and existing stratigraphic data has allowed the de 
velopment of a comprehensive, ignimbrite-based, time- 
stratigraphic framework for the Mogollon-Datil vol 
canic field.

^Ar/^Ar plateau data indicate that Mogollon-Da 
til ignimbrite activity ranged from 36.2 to 24.3 Ma and 
was strongly episodic, being confined to four brief 
(<2.6-Ma) eruptive episodes separated by 1-3-Ma gaps 
during which no caldera-forming eruptions occurred.
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Ordovician and Silurian Stratotypes of Britain 
(R.D. Tucker)

Because the U-Pb dating method has the ability to apply an independent check on 
the reliability of an age determination, it is an inherently superior method for 
determining ages of many geological samples. One approach gaining wide appeal, has 
been to apply the technique to Paleozoic and younger sedimentary strata to obtain 
absolute ages of the fossils contained therein. Application of the method depends on the 
presence of widespread eruptive igneous rocks, either explosive Plinian-type air falls or 
near-vent rhyolitic flows, which serve as reliable time-markers within the stratified 
sequence. In most felsic eruptive rocks, zircon is the preferred mineral for dating 
(Samson et al. 1990, Tucker et al. 1990, Claoue'-Long et al. 1991) but in rare instances, 
especially in peraluminous rocks, monazite may be suitable (Roden et al 1990, Oberli 
and Meier, 1991).

The technique cannot be attempted by all laboratories because of the restrictions 
previously discussed. Inherited zircon is a common component in many felsic ashes, and 
the inheritaned component may exist as xenocrysts, detrital grains, or inherited zircon 
cores in any single grain. Assurances must be made, therefore, that the determined age 
is reliable and free of age biases resulting from these components and radiogenic Pb-loss. 
This can best be achieved by replication (at 1-2 Ma resolution) of concordant analyses 
obtained on ultra-small zircon samples representing the true eruption population.

The lower Paleozoic Stratotypes of Great Britain, including the Borderlands, 
South Wales, and Scotland, provide a unique setting in which separately established 
frameworks of relative time (graptolites and shelly biostratigraphies) and absolute time 
(altered volcanic ash beds) can be combined into a common temporal framework (Fig. 
5). Nine volcanic ash samples from the Ordovician and Lower Silurian Stratotypes of 
Britain, some of which were previously dated by the zircon and apatite fission-track 
method (Ross et al. 1976, Ross et al. 1982), have yielded improved U-Pb zircon ages that 
are entirely consistent with their known stratigraphic positions. Another sample from the 
Middle Ordovician (Rocklandian) of the central United States was also dated to 
determine its absolute positioning within the type Ordovician (British) sequence.

The new zircon ages indicate that significant reproportioning of the Ordovician 
Period is required (c/. McKerrow et al 1985, Odin 1985). The Llandeilo stage, for 
example, can be no longer than a few (ca. 3-4) million years in duration, and the 
combined duration of the Middle and Late Ordovician epochs is less than half of the 
entire Ordovician Period. In another case, the volcanic ash from Middle Ordovician 
(Rocklandian) strata of North America is in excellent age agreement with a Caradocian 
ash from Britain, demonstrating the age equivalence of the two sedimentary sequences 
which lack directly comparable fauna. Two of the Silurian ages are the first U-Pb zircon 
determinations from the stratotype in the Borderlands, and the youngest age of 419.7 ± 2 
Ma is from a bentonite in the upper Ludfordian a few meters below the Ludlow - 
Pf idol I boundary.
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FIGURE 5. Absolute age of altered volcanic ash beds in the Ordovician and Silurian 
stratotypes of England, Wales and Scotland referenced to their series, stages, and 
graptolite biozones (Tucker et ol. 1990 and In prep.). Also show is the age of the K- 
bentonite (6) from the Spechts Ferry Shale (Mohawkian Series, Rocklandian Stage) 
determined as a Middle Ordovician datum in the North American section.



II. Uplift/Denudation/Burial

Denudation History of Young Orogens 
(P.K. Zeitler)

1. General Comments
The use of thermochronology to study the unroofing history of mountains belts 

was pioneered by European workers who applied fission-track dating as well as Rb-Sr 
and K-Ar dating of micas to the study of Alpine tectonics (Wagner and Reimer, 1972; 
Purdy and Jager, 1976; Wagner et al., 1977). Figure la shows schematically how mineral 
cooling ages can be used to constrain tectonic and erosional histories.

Two main approaches can be taken. First, a series of minerals can be dated from 
one sample. If the dated minerals have different closure temperatures, it is possible to 
construct a cooling curve using measured ages together with estimates of closure 
temperature. The sample's cooling history can be compared to that of other samples for 
tectonic purposes, or it can be converted to a denudation history in an attempt to 
constrain the sample's uplift path. The disadvantages of this method are (1) that 
closure temperatures must be accurately and precisely known in order to make possible a 
meaningful internal comparison, and (2) that a geothermal gradient must be known or 
assumed in order translate the cooling history into an unroofing history.

A second approach is to exploit the fact that samples taken from higher elevations 
will have older cooling ages because mountain summits should have cooled earlier than 
the valley floors below them. The advantage of this method is that an apparent 
unroofing rate can be determined directly from the measured age-elevation gradient, 
without any need to know either the closure temperature of the system in use, or the 
geothermal gradient.

However, it is important to realize some of the assumptions that are made when 
using either one of these approaches. One major assumption is that conduction has 
been the dominant mode of heat transfer. In dealing with rocks undergoing 
metamorphism, dewatering, and melting, this assumption could be questionable. Even if 
the assumption of conductive heat transfer is valid, large potential troubles continue to 
loom because of the way in which unroofing perturbs the thermal structure of the crust. 
Parrish (1982) discussed potential problems in detail; among these are (1) the fact that 
as uplift and erosion proceed, the near-surface thermal gradient is steepened and made 
strongly non-linear, (2) the fact that isotherms will respond to abrupt changes in 
uplift/erosion history only sluggishly, with considerable lag time, and (3) the fact that 
different isotopic systems closing at different temperatures and thus different crustal 
levels will respond to an identical uplift/erosion history in different ways. As one 
example, near-instantaneous uplift and erosion of a block of rock will result in a thermal 
history that is much more muted and which will not at face value suggest the occurrence 
of any rapid event. As another example, a thermal history marked by accelerating 
cooling may actually reflect uplift and erosion of a sample at a constant rate along a 
steepened, non-linear temperature gradient (Figure Ib).

2. Case Study: Thermochronology of NW Himalaya. Pakistan 
Abstract. Cooling history of the NW Himalaya, Pakistan 
(Zeitler, 1985)
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INSERT ZEITLER 1985 ABSTRACT HERE

Abstract. Geochronology and temperature history of the Nanga Parbat- 
Haramosh Massif, Pakistan 

(Zeitler et al., 1989)

INSERT ZEITLER ET AL. 1989 ABSTRACT HERE

General comments : Northern Pakistan represents a natural laboratory in which we can 
examine recent and ongoing tectonic processes associated with collisional orogenesis. 
The two studies presented here represent an initial, broad-scale reconnaissance using 
mostly fission-track dating, and a later follow-up study on an area of what appear to 
exceptionally rapid unroofing rates. A comparison of the two studies, which were 
conducted at two very different levels of detail, using different thermochronologic 
systems, demonstrates the different kinds of questions that are both solved and created 
by such investigations.

Summary of main points:
(1) Apatite fission-track ages show significant regional variations that vary 

smoothly and generally don't coincide with known structures.
(2) Zircon fission-track ages show significant regional variations, and often vary 

rapidly, with frequent discontinuities that sometimes coincide with major structures.
(3) Zircon ages "see" the Main Mantle Thrust Suture zone, but apatite ages don't. 

This implies activity along this structure was underway at about 20 Ma, but had ceased 
by 15 Ma.

(4) Cooling rates determined both by comparison of dating systems and by 
age-elevation analysis imply that rates of uplift/erosion to have varied greatly over space 
and time.

(5) The Nanga Parbat-Haramosh Massif, a "half-window" of Indian-plate 
Precambrian basement which possesses the greatest continental relief on earth (~7km) 
is a region of very young ages. Its western boundary is defined by a high-angle reverse 
fault across which there is a sharp discontinuity in ages as determined by all isotopic 
systems.

(6) The thermochronological data imply recent denudation rates of at least 
several mm/yr, and together with metamorphic petrology imply at least 15-20 km of 
unroofing within no more than 15-20 Ma.

(7) Recent detailed work in the core of the massif, at the base of Nanga Parbat 
itself, suggests that this area has experienced a very recent metamorphic episode at 3-4 
Ma. Some of our new data call into question some of our earlier conclusions based on 
assumptions about heat transfer within the Nanga Parbat Massif.
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COOLING HISTORY OF THE NW HIMALAYA, 
PAKISTAN

Peter K. Zeitler 1

Department of Earth Sciences, Dartmouth 
College, Hanover, New Hampshire 03755

Abstract. Fission-track and **°Ar/ 39Ar 
cooling ages indicate that the late- 
Tertiary cooling history of the Himalayan 
ranges of northern Pakistan is largely a 
function of uplift and erosion. Inter 
pretation of- cooling ages which range 
from under 0.5 Ma to over 80 Ma suggests 
that during the late Tertiary, long-term 
uplift rates at least doubled, from under 
0.2 mm/yr to in some cases well over 0.5 
mm/yr. Uplift rates show strong and sys 
tematic regional variations as well which 
reflect the greater uplift of eastern and 
northern regions. The association of 
very rapid uplift and erosion with the 
Nanga Parbat-Haramosh Massif can be 
explained by a locally vigorous collision 
of India with Eurasia near a promontory 
of Indian crust. The resultant rapid 
uplift of the Nanga Parbat-Haramosh 
Massif reactivated the Main Mantle Thrust 
melange zone with a reversed sense of 
motion. Discontinuities in the cooling- 
age distribution along the Main Mantle 
Thrust in the southern Swat-Hazara region 
may be the result of the thermal effects 
of overthrusting.

LNow at Research School of Earth Sci 
ences, Australian National University, 
Canberra.

INTRODUCTION

The mountains of northern Pakistan 
record the recent and ongoing collision 
of India with Eurasia. Situated as they 
are astride this major plate boundary, 
they offer an opportunity to understand a 
number of the diverse phenomena which 
characterize continental collision.

As a step toward such understanding, I 
wish to summarize here the results of a 
fission-track and **°Ar/ 39Ar dating study 
of northern Pakistan's thermal history. 
Because cooling is an inevitable result 
of many geological processes, knowledge 
of a region's thermal history offers 
insight into its magmatic, metamorphic, 
and tectonic evolution. Isotopic methods 
can provide this knowledge, because the 
dating of mineral separates is in essence 
a form of geothermometry. This follows 
from the fact that each dateable phase 
within each isotopic system can be 
assigned a characteristic closure tem 
perature below which daughter products 
are no longer lost [Dodson, 1973, 1979]. 
Thus, using the u °Ar/ 39Ar method on horn 
blende and micas and the fission-track 
method on zircon and apatite, a rock's 
thermal history can be sampled at tem 
peratures of roughly 500°C, 300°C, 200°C, 
and 100°C, respectively.
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ABSTRACT

The gneisses of the Nanga Parbat-Haramosh Massif (NPHM), Pakistan, 
experienced peak metamorphic temperatures in the interval from 25 to 30 Ma, as 
revealed by 40Ar/ 39Ar cooling ages of hornblende and the ages of the youngest intru 
sions of the Kohistan batholith located immediately adjacent to the NPHM. 40Ar/ 39Ar 
and fission-track mineral ages indicate that the postmetamorphic cooling history of the 
NPHM has been controlled over the past 5 to 10 m.y. by active tectonism associated 
with the Raikhot Fault, although passive uplift and erosion in response to overthrusting 
of the NPHM by the Kohistan Arc has been underway as well. Net cooling rates for 
NPHM gneisses exposed today along the Indus River at low elevations have acceler 
ated, from 20°C/m.y. at -20 Ma to 300°C/m.y. at 0 to 0.4 Ma. Following emplacement 
of aplite dikes at about 30 to 35 Ma, portions of the Kohistan Batholith adjacent to the 
NPHM experienced cooling rates similar to the NPHM of about 20°C/m.y. over the 
period 25 to 10 Ma, but the net cooling rates for the bathoiith of -~30°C/m.y. over the 
past 10 m.y. have been much lower than those experienced within the NPHM. Ion 
microprobe and conventional U/Pb analyses of zircon show that the protoiiths for the 
Iskere Gneiss and the structurally lower Shengus Gneiss of the NPHM are, respectively, 
-1850 Ma and 400 to 500 Ma in age. Zircons from the Iskere Gneiss have thin, relatively 
high U rims that yield ages from 2.3 to 11 Ma. These rims indicate that metamorphism of 
the NPHM gneisses is Tertiary, not Precambrian, in age. The ages and Concordia 
systematics of analyses of Shengus Gneiss zircons suggest that this gneiss may be a 
metamorphosed equivalent of the Mansehra Granite and other Paleozoic S-type granites 
found throughout the Himalaya.

INTRODUCTION

The Nanga Parbat-Haramosh Massif lies within the Hima- rocks, the Nanga Parbat-Haramosh Massif (hereafter referred to
layan chain's northwestern syntaxis, at the focus of the great as NPHM), juts with anomalous north-south strike from the foot-
orogenic knot defined by the ranges of central Asia. A portion of hills of the Himalaya toward the Karakorum (Fig. 1). It contains
the Indian plate comprising mostly high-grade metamorphic the mountain Nanga Parbat (8,126 m), which together with the

 Present address: Department of Geological Sciences, Williams Hall 31, Indus River' serves to define the greatest Continental relief on 
Lehigh University, Bethelem, Pennsylvania 18015-3188. Earth (~ 7,000 m).
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1. Cartoon showing relationship between denudation and cooling ages, (a) Relationship 
between cooling ages and topography: older ages are found at higher elevations, (b) 
Influence of rapid denudation on geothenn and consequences for cooling histories derived 
from thennochronology. Rapid uplift packs isotherms near the surface (because hot rock is 
moving towards the surface faster than heat can conduct), creating a strongly non-linear 
geothenn (the effect is proportional to the velocity of the uplift). Note that uplift is used 
here to refer to motion of rock towards the surface, not increase in surfac*: elevation.



2. Sketch map of the NW Himalaya in Pakistan (from Zeitler, 1985). Two sutures (the Main 
Mantle Thrust (south) and the Main Karakorum Thrust (north) divide the region into three 
terranes: the Indian plate (south), the Kohistan island-arc terrane, and the Asian plate 
(north). Note also the prominent northward-projecting region of the Indian plate, called the 
Nanga Parbat-Haramosh Massif. A-l, Karakorum Batholith (late Cretaceous to Early 
Tertiary); A-2, pelitic metasedimentary rocks (Precambrian to lower Paleozoic). K-l, 
intermediate to felsic intrusives, volcanics (Utror Volcanics shown in white), sediments, 
metasediments and metavolcanics (largely Cretaceous to Early Tertiary); K-2, igneous and 
metaigneous rocks (Cretaceous). The Chilas-Jijal Complex comprises mafic, pyroxene- 
granulite facies layered intrusives. The unit shown in black is the Jijal Ultramafic 
Complex. 1-1, granites and granite gneisses (Precambrian; early Cambrian augen gneisses 
are common; several small Carboniferous alkaline intrusions are also present); 1-2, 
Neogene molasse sediments of the Rawalpindi and Siwalik Groups, and basin fills of the 
Peshawar and Kashmir intermontane basins.



3. Apatite fission-track ages of samples taken from low elevations (local base level). Contour 
interval is 5 Ma. Note that the smooth variation in apatite ages does not seem to be offset 
by structures, with the exception of the Nanga Parbat-Haramosh Massif. Note also that 
there is no apparent discontinuity across the Main Mantle Thrust (southern suture).



4. Zircon fission-track ages of samples taken from low elevations flocal base level). Contour 
interval is 5 Ma. The dotted lines highlight discontinuities in age. In contrast to the pattern 
in apatite ages, variations in zircon fission-track age correlate much more strongly with 
structure and lithology. The geology of northern Pakistan suggests that the region has been 
differentially uplifted, with western areas underlain by a variety of supracrustal rocks and 
eastern regions underlain by basement rocks; the zircon results are consistent with there 
having been less denudation in the west. Note that there is a discontinuity in zircon ages 
across the Main Mantle Thrust in western areas which does not seem to be present farther 
to the east. Along the western boundary of the Nanga Parbat-Haramosh Massif, the 
polarity of this age discontinuity is reversed.
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5. Variation of fission-track ages with elevation, northern Swat Valley (located in the west- 
central portion of the Kohistan terrane). At face value, the apatite and zircon results suggest 
unroofing rates of 0.22±0.07 and 0.0810.009 rnrn/yr, respectively. The biotite and 
hornblende results date the age of the tonalitic pluton underlying the ridge that was 
sampled.
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6. Net cooling curves for localities on the Indian plate and Kohistan terrane that are closely 
juxtaposed across the Main Mantle Thrust Results from two regions are shown: near the 
Swat valley (a western area) and in the vicinity of Babusar Pass (an area 50 km SW of 
Nanga Parbat). Note that for both regions, the thermal histories of the two terranes become 
shared at about 15-20 Ma and is divergent before that time. What is different about the two 
regions is the closure isotherm (=crustal level?) at which this convergence of thermal 
histories is recorded. At Babusar, similar zircon ages are common to both terranes but 
biotite ages are very different; at Swat, apatite ages are similar but zircon ages are different.

Northern India Southern Kohistan

Ar-Ar hornblende

Ar-Ar muscovite 

Ar-Ar biotite

upper lower
FT. apatite Swat 

O Babusar



CD

O)
fC
~0 

O
O

D apatite 
  zircon 
O KF

biotite
muscovite

10 20 30

Distance (km)

300

200 J
(D 
O) 
OJ
O)
c
"o 100
O

0

Raikhot 
Fault

D hbl K-Ar

0 
WNW

10 20 30

Distance (km)

40 
ESE

7. Cooling-age profile across the western boundary of the Nanga Parbat-Haramosh Massif, 
(a) Lower-temperature thermochronometers. There is about a sevenfold difference in ages 
across the Raikhot Fault, (b) Amphibole ages. These ages reflect incorporation of excess 
40AT it appears that the Raikhot Fault zone, a major and active ductile shear zone, has 
served as a conduit for metamorphic fluids, one of which is 40Ar.
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8. General thermal history of the Nanga Parbat-Haramosh Massif. The strongly non-linear 
cooling history could be explained by fairly constant denudation at rates of 1 mm/yr or 
higher, although the very youngest ages suggest some acceleration of denudation rate. 
Open symbols are for recent results from the Tato River section at the base of Nanga 
Parbat itself; there is evidence here for very young igneous activity and metamorphism in 
the range 1-4 Ma. This raises the question as to how much of the thermal history seen 
elsewhere at Nanga Parbat is due to denudation, and how much might be due to a thermal 
overprint centered on the core of the massif.
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U-Pb Dating in the Scandinavian Caledonides 
(R.D. Tucker)

The Caledonides of Norway are a fascinating orogenic belt in three respects: 1) 
they are characterized by exceedingly far-travelled nappe units which form a near- 
continuous sequence along strike for over 1,000km, 2) the vertical succession of nappes 
(tectonostratigraphy) is remarkably consistent along the length of the belt, having been 
only locally broken and disrupted by faults and shear zones, unlike their counterparts in 
East Greenland, and 3) the orogen is characterized by a deep level of erosion, 
particularly along the west coast, which exposes a number of windows and culminations 
through the nappes into underlying Proterozoic gneisses of the former Baltoscandian 
Shield. In this lowest structural level of the tectonostratigraphy, metamorphosed high-P 
mafic rocks (internal and external eclogites, as well as garnet peridotites) are exposed 
which attest to the high-pressure metamorphism attained in the lowest structural plate 
during continental collision approximately 400m.y.ago.

Detailed mapping in the largest and southernmost of these gneissic terranes 
reveals that the exposure is not a simple window but rather a structural culmination 
exposing Proterozoic gneisses and a deeply infolded and progressively metamorphosed 
sequence of rocks identical to the nappe stratigraphy of the eastern foreland sequence. 
This terrane, termed the Western Gneiss Region (WGR), has been a classic area for 
metamorphic (Eskola 1921,Ramberg 1943) and structural studies (Hansen 1971) for 
over 75 years, and has proved to be a remarkable natural laboratory for documenting 
Pb-diffusion in zircon, baddeleyite, particularly titanite (Tucker et al 1987, Tucker et al. 
1991).

Geologic Setting
Figure 6 is a generalized geological map of the northern part of the WGR, 

showing the distribution of metamorphosed supracrustal nappe units (locally containing 
ca. 480 Ma volcanic rocks) together with undivided Proterozoic gneissic rocks. 
Throughout the area of Figure 6, Caledonian reworking was pervasive and intense 
enough to produce a Pennine-style arrangements of bedrock units involving km-scale 
recumbent fold- and thrust nappes (here, involving Proterozoic gneisses) that are 
themselves refolded by three and locally four phases of recumbent and upright folds. In 
the east where Caledonian folding is least complex, the metamorphic grade is at 
greenschist facies, whereas, in the west, regional metamorphism is amphibolite facies 
retrogressive from eclogite facies. Indeed, field observations and published thermo- 
barometry (Krogh 1980, Griffin et al. 1985) are consistent with a model of westward 
subduction (present-day direction) of the WGR under Laurentia (Greenland) near end 
Silurian time, consistent with Sm-Nd ages of the 'external' eclogites dated throughout the 
WGR (Krogh et al 1974, Griffin and Brueckner 1980, 1985, Gebauer et al 1985, Mearns 
1986, Mtfrk and Mearns 1986). Following partial continental subduction, mineralogical 
and isotopic disequilibrium was quenched-in by rapid uplift of the WGR, possibly along 
a continental-scale detachment fault presently situated southeast of the islands of Hitra 
and Smtfla, and the Fosen peninsula (Figure 6, Tucker and Krogh 1986).

73



In the northern part of the WGR, garnet-bearing dolerites, and gabbros 
commonly bear coronitic textures reflecting their incomplete transformation to eclogite 
(Mtfrk 1985). These bodies appear as mafic dikes and sills several tens of meters thick, 
commonly boudinaged and broken up, but with locally developed granophyric patches 
produced in situ igneous differentation. One such rock near Selsnes was selected for U- 
Pb geochronology in order to ascertain the time of mafic dike emplacement and coronite 
formation. In addition, a sample of garnet-orthopyroxene eclogite from Hareidland, in 
the district of Stadt, was redated (from the sample of Krogh et al. 1974) to compare and 
contrast the time of zircon formation in eclogite and gabbro coronite in two related but 
widely separated rocks of the WGR.

Metamorphic Growth of Zircon and the Response of Baddeleyite and Zircon to a Pb- 
Diffusion Event

From the coronitic gabbro near Selsnes, two varieties of zircon were recovered as 
well as a population of baddeleyite (monoclinic ZrO 2) exhibiting unusual morphological 
characteristics (Figs. 7 a and b). The baddeleyite in the coronitic gabbro occurs in two 
forms: brown striated plates free of adhered grains, and brown plates overgrown by 
microcrystalline zircon (cf. Fig. 6 and Davidson and van Breemen, 1988). Also, zircon 
occurs in two forms: clear slightly cracked skeletal crystals, and as a microcrystalline 
variety commonly (but not always always) replacing baddeleyite (Fig. 7b). Optical 
petrography and scanning electron microscopy of the latter type of baddeleyite clearly 
demonstrates: 1) the monoclinic habit of microcrystalline aggregates, 2) the presence of 
twinned baddeleyite with surrounding untwinned zircon aggregrate, and 3) the presence 
of faceted zircon 'pegs' projecting into baddeleyite (and vice versa), indicating that zircon 
is not an additive growth on baddeleyite but a partial replacement of it.

Isotopic analyses performed on all varieties of baddeleyite and zircon (Fig. 8) 
demonstrate clear age differences between them, indicating that metamorphism of the 
gabbro postdated significantly the crystallization of the magma. Skeletal zircon and 
prismatic baddeleyite, which represent primary igneous minerals, are least discordant 
from the upper intercept age of 1462 ± 2 Ma, interpreted as the time of dike 
emplacement and igneous crystallization of the gabbro protolith. Replicate analyses of 
both minerals suggest only small degrees of Pb-loss (ca. 12%), and baddeleyite and 
zircon exhibit comparable amounts of radiogenic-Pb loss.

Near the lower age intercept at ca. 401 ± 2 Ma, microcrystalline zircon is slightly 
discordant with a 207Pb/ ^b age of 425 Ma which might be because of incorporation of 
radiogenic initial-Pb or minute amounts (< 1%) of primary baddeleyite enclosed within 
the minerals analyzed. The lower intercept age is thus interpreted as the time of new 
zircon growth around primary baddeleyite, and presumably the time of coronitic mineral 
growth in the metagabbro. Predictably, the fraction of consisting of mixtures of 
baddeleyite and zircon plots on a mixing line between 1462 Ma and 401 Ma, and the 
amount of end-member components present in the multigrain fraction may be estimated 
by use of the lever rule.

Previous efforts to date the formation of eclogites have utilized the Sm-Nd 
mineral isochron method (Griffin and Brueckner 1980, Mearns 1986, Mtfrk and Mearns
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1986) or the U-Pb zircon method (Krogh et al 1974, Gebauer et al 1985) with general 
agreement of about 430-400 Ma. Most of the Sm-Nd determinations were done on 
clinopyroxene-garnet pairs suggesting formation ages of around 425 ± 25 Ma, although 
one sample yielded a cate of ca. 880 Ma which was interpreted as having two generations 
of garnet. In fact, detailed petrographic work where done (Mqfrk and Mearns 1986) 
indicates that eclogite and protolith olivine gabbro are quite mineralogically complex, 
and that replicate Sm-Nd isochron ages are difficult to achieve. Moreover, as the 
abundance of Sm and Nd in omphacite and garnet are typically quite low (< 4-1 ppm), 
large multigrain fractions are required for analysis, which imposes the added difficulty of 
having to analyze 5-100 mg multigrain mineral fractions, possibly with significant 
amounts of included mineral phases.

Zircon from the Hareidland eclogite was earlier analyzed by Krogh et al. (1974) 
which were reported to contain inclusions of omphacite (Jd = 35-40), rutile, and quartz, 
but not sedondary minerals common in the eclogite. A preliminary age of 401 ± 20 Ma 
was reported based on the 206Pb/ 238U age from the largest sample analyzed (ca. 5 mg), 
and a maximum age of 600 ± 100 Ma is indicated by a rather imprecise 207Pb/ 206Pb age. 
Four multigrain fractions of zircon (0.7-0.4 mg) yielded replicate, concordant analyses 
(Fig. 7b) defining an age of 401 ±2 Ma. The Hareidland zircons are low in U (< 50 
ppm), low in Th relative to U (Th/U = 0.02; typical of metamorphic zircon), and have a 
morphology characteristic of metamorphic zircon, namely clear, colorless, multifaceted, 
and equant.

Petrographic observations, SEM imaging, and precise U-Pb geochronology thus 
indicate that synchronous growth of metamorphic zircon in mafic precursors, probably by 
different metamorphic reactions, but presumably in response to the same high-pressure 
event. The recovery of both primary skeletal zircon and baddeleyite in the same sample 
allows for a comparative test of the response of baddeleyite and zircon to a short-lived 
metamorphic event; the data suggest that baddeleyite and zircon lost nearly equal 
amounts of radiogenic-Pb during the diffusion event, each about 12% of their radiogenic- 
Pb budget. Interestingly, the reactions producing microcrystalline zircon from igneous 
baddeleyite were probably domainal, at a scale of a few mm, because some baddeleyite 
grains were completely replaced, others only partially replaced, and a few were totally 
replaced in the transformation to metamorphic zircon (Fig. 7a). The reaction resulting 
in the replacement of baddeleyite to zircon in the coronitic gabbro was probably,

2 ZrO 2 + Si = ZrSiO 4 + Zr

which suggests that the replacement was in response to increased local silica activity, 
possibly because of the breakdown of igneous plagioclase, olivine, or clinopyroxene, or 
any of the corona-forming silicates. Moreover, the synchroneity of the zircon-producing 
event across a wide area (and see below) suggests that the zircon-producing (and 
eclogite-forming) event was relatively short-lived and in fair agreement with the Sm-Nd 
mineral isochron age.
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Titanite as a Indicator of Rapid, Tectonic Burial and Uplift
To determine the response of zircon, titanite, and monazite to the Caledonian 

metamorhpic event, a variety of gneissic rocks ranging in composition from gabbro to 
granite (most are tonalite) were sampled from throughout the WGR across the regional 
metamorphic gradient (Fig. 6). Many of the orthogneisses contain two types of titanite 
(distinguishable by optical inspection) that are very different in their isotopic 
compositions. One type, comprising clear, faceted, and generally inclusion-free titanite, 
is concordant in nearly all cases at ca. 395 Ma, whereas the other type, comprising dark- 
brown turbid titanite, commonly contained as cores within clear faceted, titanite has 
grossly discordant and older U-Pb ages. Multi- and single-grain analyses of dark-brown 
titanite from 38 gneissic rocks across the Caledonian field gradient are evenly distributed 
along a single discordia with intercepts of 1657 ±3 Ma (upper intercept) and 395 ±2 Ma 
(lower intercept; Fig. 9). These intercept ages are known to be the times of igneous 
emplacement and profound metamorphic resetting (respectively) of the orthogneisses on 
the basis of detailed zircon, metamorphic monazite, and clear-faceted titanite dating 
throughout the region (Tucker et al. 1987, 1991).

The extent of age discordance shown by the dark titanites varies systematically 
with the degree of Caledonian metamorphism: at lowest greenschist-facies grade dark- 
brown titanites are least discordant from their primary age (1657 Ma), and at highest 
metamorphic grade (amphibolite-facies) they are most discordant or entirely reset (at ca. 
395 Ma; Fig. 6). Comparison of the response of titanite to zircon across the region, 
indicates that zircon is comparatively more discordant than titanite at lowest 
metamorphic grades, but achieves a threshold of ca. 30% discordance (for highest-quality 
grains) at low amphibolite-facies where titanite is totally reset (or nearly so) under the 
same conditions.

Figure 6 is best interpreted as an oblique and elongated crustal cross-section - 
wherein to the southwest, in deep structural levels, rocks are at amphibolite-facies grade, 
and to the northeast, in shallow structural levels, rocks are at upper greenschist-facies 
grade. The fact that titanites from all crustal levels regress to single discordia line 
implies that the onset of Caledonian metamorphism, as recorded in titanite, occurred at 
approximately the same time throughout this section of the crust, and that both deep- 
and shallow-level rocks cooled at nearly the same time. These data thus suggest that a 
thick portion of the former Baltoscandian shield, together with a stacked-up assembly of 
nappe units, was depressed, heated to a range of temperatures above the closure- 
temperature of titanite, and cooled almost synchronously, and that the period of Pb- 
diffusion through titanite (the partial retention interval) was on the order of the 
uncertainty of the lower intercept age (ca. 4 Ma). The area is thus a remarkable, natural 
laboratory that is ideally suited for studying the diffusive loss of Pb in established 
geochronometers.
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v
Trondheim

Smola-Hitra 
Terrane Boundary Fault
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Kristiansund
99%

100%
30%

FIGURE 6. Simplified geologic map of the central part of the Western Gneiss Region, 
Norway, showing the distribution of supracrustal nappe units (black) and autochthonous 
orthogneisses (white). Contours labeled 30%, 50%, and 70% refer to the percent 
discordance of titanite analyses on a discordia line from 1657 Ma to 395 Ma (Fig. 9) 
Individual titanite analyses, with their percent discordance, are also indicated.
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FIGURE 7. Mineral grains analyzed from the Selsnes coronitic gabbro photographed in 
plane light (a) and by SEM imaging (b). (a) Grains of baddeleyite (upper left), skeletal 
zircon (lower left), microcrystalline zircon (upper right) and composite grains consisting 
of baddeleyite and microcrystalline zircon (lower right), (b) SEM images of composite 
baddeleyite-zircon grains analyzed for isotopic age determination. Note the details of the 
reaction surface (upper left image) between baddeleyite (white) and zircon (removed), 
showing the molded surface of baddeleyite produced by the replacing zircon 'pegs'.
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FIGURE 9. Concordia diagram of titanite analyses from 38 orthogneisses collected 
across the Western Gneiss Region, Norway (see Fig. 5). Most titanite analyses conform 
to a single discordia line with intercepts of 1657 Ma (upper) and 395 Ma (lower), 
corresponding to the time of igneous emplacement and regional, high-grade 
metamorphism, respectively. Titanites from greenschist-facies rocks are near concordant 
to ca. 30% discordant from the upper intercept, whereas titanites from amphibolite-facies 
and higher grade rocks are nearly to completely reset at 395 Ma. Titanites from 
intermediate metamorphic grades display moderate degrees of age discordance. The 
discordant analyses are interpreted as resulting from a short-lived diffusive Pb-loss event 
at ca. 395 Ma that affected an area of at least 10,000 km2 (Fig. 5).



Evidence for Late-Paleozoic brine migration in Cambrian carbonate rocks
of the central and southern Appalachians: Implications for

Mississippi Valley-type sulfide mineralization

PAUL P. HEARN, JR., JOHN F. SUTTER and HARVEY E. BELKJN 
U.S. Geological Survey, Reston, VA 22092, U.S.A.

(Received October 6, 1986; accepted in revised form February 26, 1987)

Abstract Many Lower Paleozoic limestones and dolostones in the Valley and Ridge province of the central 
and southern Appalachians contain 10 to 25 weight percent authigenic potassium feldspar. This was considered 
to be a product of early diagenesis, however. ^Ar/^Ar analyses of overgrowths on detritai K-feldspar in 
Cambrian carbonate rocks from Pennsylvania, Maryland, Virginia, and Tennessee yield Late Carboniferous- 
Early Permian ages (278-322 Ma). Simple mass balance calculations suggest that the feldspar could not 
have formed isochemically, but required the flux of multiple pore volumes of fluid through the rocks, 
reflecting regional fluid migration events during the Late-Paleozoic Alleghanian orogeny.

Microthermometric measurements of fluid inclusions in overgrowths on detritai K-feldspar and quartz 
grains from unmineralized rocks throughout the study area indicate homogenization temperatures from 
100° to 200°C and freezing point depressions of -14° to -18.5°C (18-21 wt.% NaCl equiv). The apparent 
similarity of these fluids to fluid inclusions in ore and gangue minerals of nearby Mississippi Valley-type 
(MVT) deposits suggests that the regional occurrences of authigenic K-feldspar and MVT mineralization 
may be genetically related. This hypothesis is supported by the discovery of authigenic K-feldspar intergrown 
with sphalerite in several mines of the Mascot-Jefferson City District, E. Tennessee. Regional potassic 
alteration in unmineralized carbonate rocks and localized occurrences of MVT mineralization are both 
explainable by a gravity-driven flow model, in which deep brines migrate towards the basin margin under 
a hydraulic gradient established during the Alleghanian orogeny. The authigenic K-feldspar may reflect the 
loss of K during disequilibrium cooling of the ascending brines. MVT deposits are probably localized man 
ifestations of the same migrating fluids, occurring where the necessary physical and chemical traps are 
present.

INTRODUCTION

MANY OCCURRENCES of authigenic K-feldspar have 
been reported in Lower Paleozoic rocks of the mid- 
continent area and the Appalachian Basin during the 
past 60 years (DALY, 1912; TESTER and ATWATER, 
1934; WOODARD, 1972;BUYCEandFRiEDMAN, 1975). 
Far from being a geologic rarity, authigenic K-feldspar 
is now known to be a common constituent in Cam 
brian carbonate rocks throughout the Appalachians 
(BUYCE and FRIEDMAN, 1975; HEARN and SUTTER, 
1985; HEARN et al., 1985). This phenomenon was once 
thought to be the product of early diagenesis involving 
potassium-rich brines (MAZULLO, 1975); however, re 
cent ^Ar/^Ar analyses of authigenic K-feldspar in 
Cambrian rocks of the Valley and Ridge Province of 
the central and southern Appalachians have yielded 
Late Carboniferous ages (HEARN and SUTTER, 1985; 
HEARN et al., 1985). This paper will present evidence 
in support of the hypothesis that the authigenic K- 
feldspar is genetically related to nearby occurrences of 
MVT mineralization, and thus may allow constraints 
to be placed on both the timing and the chemistry of 
ore formation.

EXPERIMENTAL METHODS

40Ar/19Ar age-spectrum analysis

Pure (>95%, the remainder being quartz) mineral separates 
of detritai K-feldspar grains with authigenic overgrowths were

obtained by removing carbonates in dilute HG and sieving 
to the 63-150 «im size fraction, followed by gravity separation 
in a mixture of bromoform and dimethyl formamide (specific 
gravity = 2.60). The ages of the authigenic overgrowths in 
these samples were determined by the ̂ Ar/^Ar age-spectrum 
technique (LANPHERE and DALRYMPLE, 1971; DALRYMPLE 
and LANPHERE, 1974). Two age-spectra were generated for 
each sample: one from a split of detritai K-feldspar with au 
thigenic overgrowths, and a second from a split of the same 
sample whose overgrowths had been removed in a solution 
of 5 percent hydrofluoric acid. After the HF treatment, detritai 
cores were examined optically to ensure that the authigenic 
overgrowths had been completely removed. The ages of the 
authigenic overgrowths were determined using a method em 
ployed by HEARN and SUTTER (1985), which is based on the 
assumption that the samples represent physical mixtures of 
phases with different ages but having similar argon-diffusion 
systematics. For a sample of igneous K-feldspar cores with 
authigenic K-feldspar overgrowths, the age of the authigenic 
overgrowths is expressed by the equation:

A<-MCAC 
Ma

(1)

where:

A< = apparent age of total sample
AC = age of core
A0 = age of overgrowth
A/c = mass fraction of core
A/o = mass fraction of overgrowth.

The mass fraction of cores and overgrowths were determined 
in the following manner. A representative split of each sample 
was imbedded in epoxy and then ground and polished to ex-
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FIG. 2. Scanning electron micrographs of feldspathized do 
lostone from the Maynardsville Formation, near Jefferson 
City, Tennessee. All micrographs are of the same area. Scale

FIG. 3. Plot of whole-rock potassium and rubidium con 
centrations for samples of Cambrian limestones and dolostones 
from the Valley and Ridge province of the central and southern 
Appalachians.

to as much as 90 ppm. Optical and X-ray diffraction 
analyses of these samples indicate that K-feldspar is 
the major potassium containing phase and that illite 
and muscovite are either absent or present in only mi 
nor amounts. The plot of potassium versus rubidum 
shows most samples to fall along a line denned by a 
K/Rb ratio of approximately 1300 (Fig. 3). The marked 
depletion in Rb indicated by these data suggests that 
a significant proportion of the K-feldspar in these rocks 
is authigenic a conclusion consistent with petro- 
graphic observations.

Authigenic K-feldspar in mineralized rocks

Authigenic K-feldspar has been identified as a pri 
mary component of jasperoid gangue in three mines 
of the Mascot-Jefferson City district in eastern Ten 
nessee (New Market, Young, and Immel mines). All 
of these occurrences are in the Beekmantown dolomite, 
the major host formation for MVT mineralization in 
the Appalachians. The jasperoids are thinly banded, 
dark gray, shaley to cherty zones which are often in 
timately associated with ore. These zones are believed 
to have formed during silicification events in the early 
part of the paragenetic sequence-prior to the deposition 
of sphalerite (McKORMiCK el al, 1971). Authigenic 
K-feldspar in the jasperoids is typically intergrown with 
silica and dolomite, and occurs as broad zones of co 
alescing overgrowths on grains of detrital K-feldspar 
(Fig. 4). In all the cases observed, the nature of grain 
contacts between authigenic K-feldspar and sphalerite

bar = 100 micrometers. A) Backscattered electron image 
showing interface between coarse-grained limestone interbed 
and fine-grained dolostone interbed. Note intergrowths of do 
lomite and authigenic K-feldspar in dolostone layer. Key: K- 
feldspar (Kf); quartz (Q); dolomite (D); calcite (C); pyrite (P). 
B) Cathodoluminescence image showing detrital (luminescing) 
K-feldspar grains. C) Potassium X-ray map showing distri 
bution of authigenic and detrital K-feldspar. X-ray diffraction 
analysis of the <63 nm fraction of the insoluble residue of 
this sample showed K-feldspar and quartz to be the primary 
phases present; no clay minerals were found.
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FIG. 9. Relative proportions of alkali ions produced (+) or consumed (-) during isothermal equilibration 
of a solution with a given Na/K activity ratio with respect to a full equilibrium assemblage containing both 
Na- and K-feldspars (activity coefficients for both species are assumed to be equal); The curved arrow 
represents a hypothetical cooling trajectory for an ascending hydrothermal fluid (modified slightly from 
GIGGENBACH, 1984; see this reference for a detailed treatment of the derivation of this figure). The shaded 
area represents range of reported trapping temperatures and Na/K ratios for fluid inclusions in Mississippi 
Valley-type ore deposits from the data of VIETS et al., (1984), and ROEDDER (1972).

margin for fluids to rise towards the surface in these 
areas. At the Pine Point deposit, which has been at 
tributed to emplacement by gravity-flow, the ore is 
hosted in rocks which are structurally undeformed
(GARVEN, 1985).

The lack of extensive mineralization in sediments 
younger than Middle Ordovician is not convincing ev 
idence that ore emplacement did not occur significantly 
later than this time. The collapse structures which ap 
pear to be necessary for ore formation are largely absent 
in carbonate rocks above the Middle Ordovician un 
conformity. Furthermore, numerous minor occur 
rences of lead and zinc mineralization have been cited 
in rocks as young as Carboniferous in Tennessee, Ken 
tucky, and Pennsylvania (JEWELL, 1947; KYLE, 1976; 
HOWE 1981).

CONCLUSIONS

1) ^Ar/^Ar age-spectrum analyses of authigenic K- 
feldspar in Cambrian carbonate rocks of the Valley 
and Ridge province of the central and southern Ap

palachians yield Late Carboniferous-Early Permian 
ages (278-322 Ma). Simple mass-balance calculations 
suggest that the K-feldspar did not form isochemically, 
but involved the flux of multiple pore-volumes of fluid 
through these rocks. These observations are believed 
to reflect the regional migration of basinal brines in 
response to tectonic activity during the Late-Paleozoic 
Alleghanian Orogeny.

2) Microthermometric measurements of fluid in 
clusions in overgrowths on K-feldspar and quartz grains 
in unmineralized carbonate rocks indicate that these 
phases precipitated from a hot (100°-200°C) and saline 
(18-21 weight percent NaCl equivalent) fluid. The ap 
parent similarity of these fluids to fluid inclusions in 
ore and gangue minerals of nearby MVT deposits sug 
gests that both the mineralization and the regional oc 
currences of authigenic K-feldspar were emplaced 
during basin-wide fluid migration events.

3) The suggestion that authigenic K-feldspar in un 
mineralized rocks and MVT ore deposits were em- 
placed by similar fluids is also supported by the dis 
covery of authigenic K-feldspar intergrown with



sphalerite in several mines of the Mascot-Jefferson City 
District in eastern Tennessee. Textural observations 
suggest that the authigenic K-feldspar predates the ore 
and formed during a silicification event in the early 
part of the paragenetic sequence.

4) The genesis of MVT deposits in the central and 
southern Appalachians as well as regional occurrences 
of authigenic K-feldspar in unmineralized rocks can 
be explained by the migration of basinal brines in a 
gravity-driven flow system established by Alleghanian 
tectonism. The presence of authigenic K-feldspar in 
Valley and Ridge dolostones is believed to reflect the 
loss of potassium from ascending basinal fluids as they 
cooled and attempted to move towards equilibrium in 
the K-feldspar-albite system. We believe that MVT de 
posits in the central and southern Appalachians do not 
represent isolated or discrete fluid movements, but 
rather are localized manifestations of a regional fluid 
migration event where the specific physical and chem 
ical traps necessary for ore formation were present.
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III. Metamorphism: Detrital/Prograde/Retrograde

Hinterland Thermochronology from Analysis of Foreland Clastics
(P.K. Zeitler)

1. Introduction
Usually, geochronologists avoid detrital material like the plague. Whether in 

primary form, as a contaminant in a volcanic ash, or in some more subtle form, inherited 
material can be a real nuisance. Of course, one can fight back, look for the silver lining 
to the cloud, and recognize that detrital grains can carry with them very useful 
information about provenance. Over the years, numerous studies have in fact taken this 
approach and used the ages of detrital grains to learn something about the source areas 
of sediments and granites. Improvements in analytical techniques have extended the 
range of methods by which one can do detrital geochronology, and currently it is possible 
to do single-grain analyses of U-Pb in zircon, Ar in feldspars and micas, and 
fission-tracks in zircon and apatite.

There's a neat, thermochronological twist that one can add to the geochronology 
of detrital material. In a mountain belt that's undergoing unroofing, it is very true that 
what goes up, in the form of uplifting basement in the hinterland, comes down in the 
from of clastic sediments in the foreland. Now, if we sample some of the basement just 
as it arrives at the surface, we claimed earlier that we can sniff out something about the 
sample's thermal history, using thermochronology. Well, why stop there just because 
some of our sample has escaped and washed downhill to join the molasse? If we can 
date single grains, then the age of any such grains entrained in a sandstone should tell us 
something about the unroofing history of that sandstone's source area(s). That in itself is 
interesting, but if the sandstone we are studying happens to be of well-known age, then 
we can learn something about the state of the hinterland at the time of sandstone 
deposition. Furthermore, if we examine an entire clastic wedge, we should be able to 
learn something about the evolution of the hinterland through time, and of course, we 
can also obtain heavy-mineral and fades data to compare with the story extracted for the 
hinterland. Figure 1 illustrates this approach in cartoon form.

Needless to say, you need to make several assumptions when trying to do detrital 
thermochronology. The exact nature of these assumptions depends a little on what 
you're trying to accomplish, but typically you might want to assume that transport from 
outcrop to basin is rapid, that little or no reworking is underway in the foredeep, and 
that the inferred source areas are constrained and well characterized. In many cases, a 
test of these assumptions itself makes for an interesting and geologically informative 
study.

2. Case Study: Fission-Track Dating of Detrital Zircons. Siwalik Molasse. NW 
Himalaya. Pakistan

Abstract. History of uplift and relief of the Himalaya during the past 18 
million years: Evidence from fission-track ages of detrital 

zircons from sandstones of the Siwalik Group
(Cerveny et al, 1988)
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History of Uplift and Relief of the Himalaya 
During the Past 18 Million Years: Evidence from 
Fission-Track Ages of Detrital Zircons from 
Sandstones of the Siwalik Group

P.P. CERVENY, N.D. NAESER, P.K. ZEITLER, ,C.W. NAESER. and N.M. JOHNSON

Abstract

Fission-track dating of individual detrital zircon grains 
can be used to characterize both ancient and modern 
sedimentary provenance. Ages of zircons in the modern 
Indus River drainage system of northern Pakistan are con 
trolled dominantly by uplift rates of the source rocks in 
the Himalaya. Young detrital zircons come from rapidly 
rising terrain, whereas old zircon ages imply slow or 
negligible uplift. Modern Indus River sands contain a dis 
tinctive population of young, 1 to 5 Ma, zircons that are 
derived from the Nanga Parbat-Haramosh Massif, an area 
of rapid uplift (5 m/103 yr). Sandstones of the Siwalik 
Group deposited by the ancestral Indus River over the past 
18 million years contain zircons that are only 1 to 5 million 
years older than the depositional age of the sandstones. 
Therefore, young zircons have been a consistent compo 
nent of Himalayan surface rocks for the past 18 million 
years. These ages imply that a series of uplifted blocks or 
"massifs," analogous to the contemporary Nanga Parbat 
area, have been continually present in the Himalaya since 
18 Ma. and that over that time the elevation and relief of 
the Himalaya, on a broad scale, have been essentially 
constant.

Introduction

This paper describes the relief and uplift in the upper 
Indus River watershed during the past 18 million 
years, based on fission-track ages of detrital zircons 
derived from the sediments of the present Indus 
River of northern Pakistan and from sandstones of 
the Siwalik Group, which originated from sediments 
deposited by the ancestral Indus River during 
Neogene time. The data analysis represents a new 
methodology in the study of source terrain. Previous 
studies have used fission-track dating of detrital zir

cons to identify source area based on the ages of the 
detrital grains (e.g., Hurford et al. 1984; Johnson 
1984; Yim et al. 1985; Baldwin et al. 1986). 
However, none of these studies was directly con 
cerned in detail with using the ages of the detrital 
grains in sedimentary rocks to interpret the tectonic 
history of the source terrain. Detailed interpretation 
of the tectonic history is the central purpose of this 
paper.

Zeitler (1985) and Zeitler et al. (1982b,c) have 
demonstrated that in the Himalaya, areas character 
ized by rapid uplift rates have zircons with young 
fission-track ages (Fig. 3.1). Zeitler et al. (1982a) 
showed further that young zircons are present in the 
detrital zircon suite currently being eroded from the 
Himalaya. These data suggest that by dating detrital 
zircons separated from Siwalik Group sandstones of 
known stratigraphic age, it would be possible to 
determine the ages of zircon that were being eroded 
from the basement source terrain in northern 
Pakistan at selected intervals during Neogene time, 
and that the detrital zircons might thus be a vehicle 
through which uplift rates from the geologic past 
could be assessed (Zeitler et al. 1982a). This possi 
bility is explored in this paper. The primary objec 
tive of the present study is to determine if zircons 
with young ages, which are indicative of high uplift 
rates, have been present in the Himalaya over the 
past 18 million years.

Geography and Geologic Setting

The study area in the Punjab region of northern 
Pakistan (Fig. 3.2) contains the type sections for 
most of the formations of the Siwalik Group (Fatmai 
1974), which consists of sandstones derived from



INSERT CERVENY ET AL. ABSTRACT HERE

General Comments : Figure 1 in the section on Himalayan denudation provides a 
geologic setting for this study, and the regional thermochronology presented there is the 
baseline for the study by Cerveny et al. (see above). It is interesting to note the 
Copeland and Harrison (1990) obtained a very similar style of results from 40Ar/39Ar 
analysis of K-feldspars taken out of sediments of the Bengal Fan (this fan is far from the 
Himalaya, but nonetheless dominated by their debris). What they found is that at every 
stratigraphic horizon, there were always very young grains present that would have had 
close to a zero age at the time of deposition. It is instructive to compare the studies by 
Cerveny et al. (1988) and Copeland and Harrison (1990) to see how the advantages and 
disadvantages of the fission-track and ^Ar/ 39Ar methods match up in an application like 
this.

Summary of main points:
(1) Modern detrital zircons yield an age spectrum very close to that obtained 

from hard-rock samples in the hinterland. This implies that time spent in transport in 
negligible (looking at some of the rivers tells you that, too!).

(2) There are always very young (0-2 Ma) zircon grains present in the sediments 
arriving in the foredeep (when ages are corrected for stratigraphic age of the sampled 
horizon).

(3) A look at the hinterland today shows that such young ages are only found in 
regions of extreme relief of over 5 km; this suggests that very prominent relief has been 
present in the NW Himalaya for at least the past 15 m.y.

(4) A key element in the success of this study was the detailed magnetic 
stratigraphy available for the Siwalik Group (see "Fission-Track Dating and 
Chronostratigraphy," above).

(5) A drawback to the use of zircons in doing studies of young detrital material is 
the strong dependence of optimum track-etching time on age. Very young grains take a 
long time to etch,and thus it was necessary to treat each sample twice. Because the 
differently etched aliquots for each sample will overlap in the age distributions they give, 
it is not possible to get a single quantitative distribution of all grain ages.
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1. Cartoon showing the schematic particle path of a mineral grain through a young orogen.
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2. Detrital-age spectra for zircons entrained in Siwalik Group sandstones, Trans-Indus region, 
western Potwar Plateau, Pakistan (data from Cerveny et al., 1988). Age spectra as 
measured, uncorrected for stratigraphic age. Data are for samples treated using a long 
etching time; this procedure was designed to ensure that the youngest samples would be 
sufficiently etched to give good ages. Note that each stratigraphic horizon contains very 
young zircons whose ages are close to depositional age. As the Siwalik section is at most 3 
km thick, and the closure temperature of zircon is ~200*C, thermal resetting is not a viable 
explanation for this observation.



Detrital to Prograde: Pelham dome, central Massachusetts
(R.D. Tucker)

Sedimentary rocks are sensitive indicators of their depositional environment, and 
their age and provenance are essential constraints to tectonic models of a region. Zircon 
is a common detrital constituent of most arenites, and it is both a retentive and 
refractory mineral capable of retaining reliable isotopic age information through crustal 
recycling events. Because a single grain of zircon may be dated precisely (e.g. ± 4 Ma), a 
spectrum of detrital-grain ages can help to characterize the source rocks of a sedimentary 
sequence, or to constrain the maximum age of deposition (ie. the age of the youngest 
detrital grain). In the case of recrystallized and intruded stratified sequences, the 
minimum age of the sequence may be further constrained by the age of metamorphic 
minerals or cross-cutting igneous intrusions. Age information of this type may prove 
invaluable to the geologist interested in on defining the depositional age of sedimentary 
rocks devoid of fossils, or on resolving the source rocks or terrane affinities of 
allochthonous sedimentary sequences.

Geologic Setting
A detrital zircon dating study of the metamorphosed quartz-arenites and quartz- 

wackes in the Pelham dome, central Massachusetts, serves as a useful demonstration of 
the power of the single-grain dating technique. These sedimentary and intercalated felsic 
volcanic rocks are the structurally deepest strata exposed in the Bronson Hill 
antilinorium, and they represent a supracrustal sequence of Late Proterozoic age but 
whose provenance and terrane affinity is largely unknown (Fig. 10). The stratigraphically 
deepest unit, the Dry Hill Gneiss, is interpreted by Peter Robinson and workers as a 
metamorphosed alkali rhyolite (Hodgldns 1985) and it has yielded a U-Pb zircon age of 
613 ± 3 Ma (Tucker and Robinson 1990). The Dry Hill Gneiss is overlain gradationally 
by a thick sequence of metamorphosed sedimentary rocks, including the Poplar 
Mountain Gneiss, consisting of metamorphosed arkose and quartzite, and its presumed 
southern-fades equivalent, the Mt. Mineral Formation comprising pelitic schist, quartzite, 
and amphibolite. The age, tectonic affinity, and metmorphic history of each of these 
formations is an intriguing issue to geologists of the New England Appalachians as some 
consider these rocks to be part of Avalon (formerly Africa) that collided with Laurentia 
in Late Ordovician (Robinson and Hall 1980), Devonian (Osberg 1978), or possibly 
Carboniferous time (Zen 1983, Wintsch and Sutter 1986, Gromet 1989), whereas others 
consider it a fragment of Laurentia (McKerrow et al in press) and the stratigraphic 
"basement" to the Late Ordovician Bronson Hill volcanic arc.

One goal was to define the crystallization age of the volcanic rocks (Dry Hill 
Gneiss) which have an inherited zircon component, an igneous zircon generation, as well 
as a component of secondary Pb-loss imposed during kyanite-staurolite grade 
metamorphism: the challenge here was to remove the component of secondary Pb-loss, 
and to isolate and analyze as much of the young igneous component, as well as the old 
inherited component, as possible to attain end-member ages. Another goal was to 
constrain the depositional age of the stratigraphically highest sedimetary rocks (Poplar
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Mtn. and Mt. Mineral formations) which are devoid of fossils, and for which a late 
Precambrian age is presumed. The last goal was to establish the probable range of 
source rocks of the sedimentary sequences, through a program of single-grain zircon 
dating, in the hope that their respective source terranes and provenances may be better 
understood. As a check of the internal consistency of the results, a number of 
experiments were designed within the framework of the study so that certain geological 
interpretations could be tested or eliminated altogether.

Age of the Dry Hill Gneiss and Inherited Zircon Components
Two samples (A and B) of the Dry Hill Gneiss were dated by the multigrain U-Pb 

zircon technique: one sample (A) yielded an simple discordia with an uppper intercept 
age of 613 ±3 Ma interpreted as the crystallization age of the rhyolite protolith. 
Multigrain zircon analyses of the other sample of Dry Hill Gneiss (B), however, 
demonstrates the presence of inherited zircon having a minimum average age of 1402 
Ma (Fig. 11, Tucker & Robinson 1990). The discordia in the latter sample is defined by 
five multigrain fractions, with an upper-intercept age of ca. 1747 Ma, which could be 
interpreted as a mean age of an inherited zircon component if all grains consist of a two- 
component mixture without an appreciable amount of secondary Pb-loss. Titanite from 
both samples of Dry Hill Gneiss is concordant at ca. 293 Ma, interpreted as the time of 
titantite growth, and five zircon analyses from another nearby sample of Dry Hill Gneiss 
are colinear with a lower-intercept age of ca. 300 Ma, suggesting profound Pb-loss or 
metamorphic overgrowths at that time.

The presence of inherited zircon was borne-out by etching experiments of 
polished grain mounts which clearly show their composite nature. To test for the 
possible presence of inherited components of many ages, 15 single zircon grains were 
analyzed individually from sample B of the Dry Hill Gneiss which indicated the presence 
of inherited zircon (Fig. 11).

Figure 11 demonstrates that the inheritance consists of many ages as seen by the 
resolvable and very different 207Pb/ 206Pb ages in 15 analyses. Two grains yielded near 
concordant analyses at the known eruption age of the gneissic protolith (ca. 613 Ma) 
whereas another two yielded near concordant analyses at the known time of regional 
metamorphism (ca. 300 Ma, Tucker et al. 1988, Tucker and Robinson 1990, Gromet 
1989). The latter analyses have depleted Th/U ratios (0.02) suggesting that they are, 
indeed, single grains of metamorphic zircon containing only a minute component of 
inheritance (ca. 600 Ma or older). All other analyses are grossly discordant with much 
older 207Pb/ 206Pb ages, suggesting that they consist of an inherited zircon component with 
an igneous or metamorphic overgrowth. Because the analyses of known igneous age (ca. 
600 Ma) have experienced only a trace amount of Pb-loss, it is possble to approximate 
the inheritance ages by constructing chords through groups of discordant analyses from 
the range of near primary ages. This method of estimation suggests that three groups of 
inheritance ages are present: Group I 2850-2550 Ma; Group II 2150-1850 Ma; Group III 
1350-1220 Ma.
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Detrital Grain Results - The Pelham and Dunlop Brook Quartzites
Two quartzites within the Dry Hill Gneiss (the Pelham Quartzite) were sampled 

(Fig. 10) which are assummed to have been deposited ca. 613 m.y ago, the known age of 
the Dry Hill Gneiss. Twenty-three of the thirty detrital zircon analyses shown in Fig. 12 
are less than 5% discordant indicating that secondary Pb-loss has been nearly eliminated 
(in rocks of kyanite-staurolite grade) and that the Pb/ 206Pb ages are dates of their 
source rocks, not minimum ages. The sample from Dunlop Brook contained detritus of 
Archean age, and the age distributions in both samples suggest that the zircon detritus 
matches closely age groups 1,11, III defined above (Fig. 11). No young (< 895 Ma) 
zircon detritus was discovered in thirty analyses, not even that of the Dry Hill Gneiss 
with which the quartzites are intecalated; hence their source rocks were probably not of 
Avalonian or Pan-African affinity. Moreover, two widely separated samples of Pelham 
quartzite produced reproducible detrital grain ages, indicating that the age groups (I, II, 
and III) are a reliable signature of the provenance, which was apparently dominated by 
Archean, and Early to Middle Proterozoic plutonic rocks. Two analyses have model 
Th/U ratios of 0.07-0.02,suggesting that they were derived from high-grade (granulite 
facies?) metamorphic rocks (or possibly pegmatites) depleted in thorium (with respect to 
uranium) over normal igneous values.

Detrital Grain Results - The Mt. Mineral and Poplar Mtn. Quartzites and the Poplar 
Mountain Gneiss

The detrital zircon ages in the stratigraphically higher quartzites show some 
similarities with those in the Pelham Quartzites, but also significant differences (Fig. 13). 
The upper Mt. Mineral quartzite (Fig. 13) yielded a range of detrital zircon ages, most of 
them concordant, between ca. 1151 Ma and 439 Ma, including detritus of ca. 684-604 
Ma. Three replicate analyses of the youngest grains, between 454-439 Ma, attest to a 
distinctive source terrane of this age, most probably the nearby Bronson Hill volcanic arc 
which has dated rocks between the ages of 465-441 +3/-2 Ma (Tucker and Robinson 
1990). The upper Mt. Mineral and Poplar Mtn. quartzites also contain ca. 585-600 Ma 
(Avalonian?) detritus, as well as somewhat older ca. 1540-950 Ma (Grenvillian?) detritus, 
but not Early Proterozoic and Archean detritus as was found in the Pelham quartzite 
samples (above). A different age and provenance is thus implied.

The upper Mt. Mineral and Poplar Mtn. quartzites must be Silurian or younger 
and not late Precambrian as previously presumed. These younger quartzites rest 
between Proterozoic Dry Hill Gneiss (below) and Late Ordovician gneisses (above, Fig. 
10), and hence the interior of the Pelham dome may be a window beneath a major thrust 
or fold nappe. The upper Mt. Mineral and Poplar Mtn. quartzites contain metamorphic 
monazite with a U-Pb age of ca. 298 Ma, consistent with nearby U-Pb titanite and zircon 
ages, indicating that a broad area within and outside of the dome was subjected to 
metamorphic resetting and pegmatite injection in Carboniferous time. This Late 
Paleozoic recrystallization and deformation episode extends only a short distance east of 
the Kempfield anticline (Fig. 10), and thus the kyanite-staurolite metamorphic zone 
within and north of the Pelham dome is a region of Carboniferous metamorphism and 
deformation superposed on an earlier Devonian pattern not yet fully deduced.
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These data demonstrate the power of single-grain zircon dating as a tool to 
determine the provenance and depositional age of sedimentary rocks, metamorphosed to 
amphibolite facies grade and devoid of identifiable fossils. Not only has it proved 
possible to resolve the source-rock ages for kyanite-grade quartzites, but the data 
demonstrate that petrographically distinctive quartzites are of vastly different age and 
provenance. This discovery has resulted in a dramatic reinterpretation of the local 
geology, and it is forcing regional geologists to rethink their models concerning the 
timing of collisional events between Avalonia and Laurentia in the northern 
Appalachians.
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FIGURE 10. Simplified geological map of the Pelham dome, showing the distribution of 
rock units, grouped according to age, as well as sample localities discussed in the text. 
Assignment of a Siluro-Devonian age to the Mt. Mineral Formation is based on the 
occurrence of Late Ordovician-Early Silurian zircon detritus in the upper quartzite 
member; Siluro-Devonian strata outside of the dome include the Clough, Fitch, Littleton, 
and Erving formations. The Pelham quartzites are presumed to be of late Precambrian 
age, but the Poplar Mtn. gneiss and quartzite are only known to be younger than ca. 584 
Ma (age of the youngest detrital grain) and older than 298 Ma (time of metamorphism 
and pegmatite emplacement).
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N2 71695LATE PALEOZOIC METAMORPHISM AND UPLIFT IN THE 
PIEDMONT NEAR FREDERICKSBURG, VIRGINIA

SUTTER, John F., PAVLIDES, Louis, KUNK, Michael J., and 
CORTESINI, Henry, Jr., U.S. Geological Survey, Reaton, VA 22092 

Hornblende l+0Ar/ 39Ar ages and cooling-rate studies of miscovite, 
biotlte, and microcline constrain the age of metamorphism and rates 
of uplift in the Piedmont near Fredericksburg. In this area, the 
Falls Run Granite Gneiss (FRGG) intruded the Holly Corner Gneiss (HCG), 
both were folded, metamorphosed, and then intruded by granitoids of the 
Falmouth Intrusive Suite (FIS). Published emplacement ages of 410 Ma 
(FRGG) and 300-325 Ma (FIS) bracket the age of deformation and 
metamorphism. Regional metamorphic grade in schists (Quantico 
Formation) enclosing FRGG and HCG increases from staurolite to 
sillimanite. Hornblendes from HCG along this metamorphic gradient 
yield ages from 321 Ma (staurolite) to 307 Ma (sillimanite). Assuming 
a temperature difference of ~100°C between staurolite and sillimanite 
grades, and a constant argon closure temperature for hornblendes along 
this gradient, we calculate a slow, postmetamorphic cooling rate of 
~7°C/Ma. The argon closure temperature in hornblende at this cooling 
rate is probably ~500°C, not far below the lower temperature for 
staurolite stability, and thus we interpret the 321 Ma age for 
hornblende in staurolite grade rocks to suggest the met amor phi sin is 
Alleghanian. Age spectra for muscovite, biotite, and microcline show 
the ~7*C/Ma rate persisted until -265 Ma. Diffusion gradients in 
microcline suggest rocks of the study area cooled from ~130°C starting 
at 265 Ma to ~100°C at 243 Ma, a very slow rate of <1.5°C/Ma. This 
pronounced change in cooling (uplift?) rate could be related to the 
change from convergent to extensional tectonics along this portion of 
the eastern margin of North America.

N? 86442
THERMOBAROMETRY OF SCHISTS FROM THE QUANTICO FORMATION 
AND THE TA RIVER METAMORPHIC SUITE, VIRGINIA ___________ 

FLOHR, M.J.K. and PAVLIOES, L., U.S. Geological Survey,
National Center 959 (MF) and 928 (LP), Reston, VA 22092 

Schists of the Ordovician Quantico Formation (QFS) lie within a refolded 
synform in the Piedmont west of Fredericksburg, VA. Metamorphic grade in 
these pelitic schists increases from low staurolite on the northwest (NW) 
to sillimanite on the southeast (SE). Electron-microprobe compositions 
of garnet and coexisting matrix biotite, muscovite, and plagioclase were 
obtained from 7 schists collected along this metamorphic gradient. The 
easternmost and highest-grade schist came from the metavolcanic Ta River 
Metamorphic Suite (TRMS). The Ferry-Spear geothermometer, modified by 
Hodges and Spear, and the Ghent and Stout geobarometer were used to 
calculate metamorphic temperatures (T) and pressures (P), respectively. 

Garnets from QFS are normally zoned with Fe- and Mg-richer rims and 
Ca- and Mn-richer cores; garnet from the TRMS sample shows reverse 
zoning. Along the NW- to SE-increasing gradient, using garnet core 
compositions, T ranges from 487°C on the NW to 615°C on the SE (±50°) 
for QFS samples and P ranges from 4.3 to 4.8kb ±lkb for 6 of these 
samples; one yielded an anomalous P of 6.7kb. The TRMS sample gave an 
unreasonable T of >800°C. A T gradient also was obtained using garnet 
rim compositions, with T ranging from 499°C on the NW to 565°C on the SE 
(±50°C) for QFS; P ranges from 3.6 to 4.5kb ±lkb. T of 632°-670°C was 
calculated for the TRMS sample and although these values are more 
uncertain because of the high MnO content of the garnet rims (up to 7.7 
wt. %), they are consistent with the trend defined by QFS samples. No 
correlation of P with metamorphic gradient was found using either garnet 
core or rim compositions. Published hornblende 4°Ar/ 39 Ar plateau ages 
determined for the Holly Corner Gneiss, which is enclosed by QFS, range 
from 321 Ma on the NW to 307 Ma on the SE along a closely similar 
traverse of the same metamorphic gradient. The general increase of T 
from NW to SE, coupled with the general decrease in hornblende ages, 
supports a coeval Alleghanian metamorphic event for both formations.
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EXPLANATION

PtZp

CRETACEOyS_ _ 

CARBONIFEROUS

> SILURIAN 

- ORDOVICIAN 

CAMBRIAN(?)

CENOZOIC 
MESOZOIC

PALEOZOIC

PALEOZOIC AND (OR) 
PROTEROZOIC Z(?)

GtKu

   Sfr:-:

Coastal Plain sediments: Unconsotidated, upland sand and gravel, terrace, and 
alluvium and swamp deposits.

Falmouth Intrusive Suite: Dikes and sills and small ptutons of fine- to medium-grained 
granitoids, mainly monzogranite to granodionte and less commonly tonalite.

Falls Run Granite Gneiss: Coarse-grained, well foliated, microdine granite gneiss.

Quantico Formation: Gray to black graphitic slate and phyllite to staurolitic schist and 
biotite-muscovite gametrferous schist in areas of increased metamorphism. Lenses 
of micaceous quartzite occur within and locaHy at its base.

Chopawamsic Formation: Chiefly metavolcanic rocks of felsic, intermediate and 
mafic compositions interlayered with lesser amounts of meta-epiclastic volcanic 
rocks and schist.

Ta River Metamorphic Suite: Chiefly amphibolite and amphibolitic gneiss with lesser 
amounts of biotltic gneiss and schist. In southwest comer of Stafford Quadrangle it 
includes a large mass of granodwnte gneiss.

Plagiogranitic metatonalite: Medium- to coarse-grained leucocratic to mesocratic 
quartz-rich meta-witrusive granitoid.

Trondhjemitic metatonalite: Fine-grained, allotnomorphic granular, leucocratic 
granitoid, tocatty having granophync texture.

Holly Comer Gneiss: fine- to medium-grained, well foliated, homblende-biotite 
gneiss* *

Po River Metamorphic Suite: Chiefly biotite gneiss with lesser amounts of hornblende 
gneiss and schist.

Contact Commonly inferred, dotted where concealed.

Faults  Commonly inferred, dotted where concealed.

Overturned Upright

Amiform   Showing trace of crestal plane and direction of plunge. 
Dotted where concealed.

UprightOverturned
Synform Showing trace of trough plane and direction of plunge. 

Dotted where concealed.
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IV - TECTONIC DEVELOPMENT/MINERALIZATION

Avalonian Crustal Assembly 
(R.D. Tucker)

The capability to obtain precise isotopic ages of many igneous rocks over most of 
geological time has increased greatly the ability to resolve geological events on a regional 
and global scale. An example is given below where the U-Pb method, together with 
well-established field relationships, has defined precisely the duration of crust-formation 
and assembly events in the Appalachians of maritime Canada and thereby tested the 
validity of widely-held plate tectonic models.

The northwest limit of Avalonian (late Precambrian) igneous rocks in 
Newfoundland has been drawn historically at the Dover Fault and its presumed southern 
equivalent, the Hermitage Fault (Fig. 14), with the view that Avalon was first juxtaposed 
with interior elements of the Eastern Crystalline Belt (formerly the Gander and Dunnage 
Zones, Williams et al 1990) in middle Devonian time, prior to emplacement of the 
Ackley granite batholith (Dallmeyer et al 1981). New U-Pb isotopic ages (Dunning et al. 
1990, O'Brien et al in press, Tucker et al in prep) and detailed field mapping (O'Brien 
and O'Brien 1990) in the region of the Hermitage Flexure and Hermitage peninsula, 
however, require drastic re-thinking of the model of the Avalon Composite Terrane and 
its collison with post-Taconia North America. The major results of this research are 
summarized below and in Figure 15.

Timing of Crustal Assembly, South Newfoundland
1) Detailed mapping and precise geochronology south of the Bay d' Est Fault 

(Fig. 14) has led to the discovery of an Early-Late Silurian (429 ± 2 Ma to 422 ± 2 Ma) 
terrestrial volcano-sedimentary succession (the redefined La Poile Group) which rests 
with local unconformity upon a late Precambrian composite, granitic basement complex 
(578 ± 10 Ma, the Roti Intrusive Suite), itself intrusive into older amphibolitic gneiss 
(Grey River Gneiss, 686 +337-15 Ma) and low-grade sedimentary and volcanic rocks. 
This composite sub-La Poile Group basement complex (sLPBC) also contains Early 
Ordovician (495 ± 2 Ma, Ernie Pond Gabbro) intrusive rocks that define the minimum 
age of pre-Silurian tectonothermal events within the complex (Fig. 15).

2) U-Pb geochronology of key volcanic and plutonic rocks in the type Avalon 
Zone east of the Hermitage Fault, establishes the synchroneity of Precambrian 
depositonal, magmatic, and tectonothermal events there with events in the sLPBC 
(above), thus demonstrating the broader Avalon affinity of the sLPBC. The northwest 
limit of the sLPBC is the Bay d' Est Fault which places the sLPBC and its Silurian 
volcano-sedimentary cover over medial Ordovician Dunnage Zone rocks. Juxtaposition 
of the western margin of Avalon (5.5.) with the Dunnage Zone was essentially complete 
by 420 +2/-1.8 Ma, the time of emplacement of a post-thrusting Late Silurian granite 
porphyry (Hawks Nest Pond porphyry) (Fig. 15).
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3) U-Pb zircon dating of volcanic and plutonic rocks in the area of the 
Hermitage peninsula yield a remarkably consistent set of ages, directly comparable with 
the periods of late Precambrian felsic and mafic crust production across the whole of the 
type Avalon Composite Terrane. The approximate periods of igneous activity are: 680- 
670 Ma, 630-605 Ma, and 570-550 Ma. Previous attempts to correlate the late 
Precambrian igneous and sedimentary sequences on the basis of geochemistry alone have 
proven to be incorrect, as distinct age differences are demonstrated between 
geochemically similar rocks. Moreover, a new U-Pb zircon age for a rhyolite flow within 
the Mooring Cove Formation beneath the Rencontre Formation on Chapel Island, places 
a reliable maximum age of 552 ± 2 Ma for the base of the Cambrian system in the 
proposed North American stratotype section.

4) The observed leading edge of the Avalon Composite Terrane in the 
Hermitage Flexure region was the locus of widespread magmatism, deformation, and 
metamorphism between 430-420 Ma that involved the reactivation of fundamental pre 
existing structures, some of them of late Precmbrian age. The record of widespread 
Early Silurian orogenesis, which signalled the arrival of "Avalon" with the Eastern 
Crystalline Belt, was followed by the emplacement of Late Silurian plutons associated 
with high-grade metamorphism and sinistral dextral shearing. This was in turn followed 
by later phases of brittle dextral transpression (Holdsworth 1991) which probably 
extended well into the Lower Devonian. The brittle Hermitage and Dover faults are 
related to these later movements, which are broadly coeval with the formation of Early 
and Middle Devonian molasse-type basins throughout south Newfoundland. Precise U- 
Pb zircon ages of 390-377 ± 3 Ma for several plutons which clearly post-date this period 
of brittle and ductile faulting (Chetwynd, Frangois, Pass Island, and Ackley granites), 
provide only minimum age estimates on the the time of linkage of the Avalon and 
Dunnage terranes. The U-Pb zircon ages are ca. 20 Ma older than previous age 
estimates of these intrusions determined by ^Ar/ 39Ar age spectrum of igneous 
hornblende (Dallmeyer et al 1981).
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40Ar/ 39Ar and K-Ar data bearing on the metamorphic and tectonic 
history of western New England
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ABSTRACT

"Ar/^Ar ages of coexisting biotite and hornblende from Pro- 
terozoic Y gneisses of the Berkshire and Green Mountain massifs, as 
well as ^Ar/^Ar and K-Ar mineral and whole-rock ages from Pa 
leozoic metamorphk rocks, suggest that the thermal peak for the 
dominant metamorphic recrystallization in western New England oc 
curred 465 ± 5 m.y. ago (Taconian). Although textural data indicate a 
complex metamorphk-tectonk history for Paleozoic rocks, no evi 
dence in rocks at least as high as kyanhe grade dictates an Acadian age 
for the Barrovian metamorphism. Available ^Ar/^Ar and K-Ar data 
suggest that the low-grade metamorphism and cleavage formation in 
laconic allochthons and the higher-grade metamorphism and em- 
placement of the Berkshire massif allochthon are Taconian.

40 AT/ 39Ar age data from a poorly defined terrene beginning near 
the east margin of the Green Mountain massif and extending along the 
eastern one-third of the Berkshire massif as far south as Otis, Massa 
chusetts, suggest that the area has been retrograded during a meta 
morphism that peaked at least 376 ± 5 m.y. ago (Acadian).

Available age and petrotogk data from western New England 
indicate the presence of at least three separate metamorphk-structural 
domains of Taconian age: (1) a small area of relict high-pressure and 
low-temperature metamorphism in northern Vermont (T-l domain), 
(2) a broad area in Vermont and eastern New York of normal Barro 
vian metamorphism from chlorite to garnet grade and characterized 
by a gentle metamorphic gradient (T-2 domain), and (3) a rather 
narrow belt of steep-gradient, Barrovian series metamorphic rocks 
extending from near the Cortlandt Complex northeastward through 
Dutchess County, New York, to the Berkshire massif in western 
Massachusetts (T-3 domain). Areas of maximum metamorphic inten 
sity within the T-3 domain coincide with areas of mgTinmm crustal 
thickening resulting from imbricate thrusting (Berkshire massif) or 
from recumbent folding (Manhattan Prong) of remobtHzed North 
American continental crust in the later stages of the Tacomc orogeny.

INTRODUCTION

The polymetamorphic history of western New England has been the 
subject of various investigations (see discussion below). This paper is an

'Present address: Lamont-Doherty Geological Observatory, Palisades, 
New York 10964.

attempt to integrate all available K-Ar and 40Ar/ 39Ar age data (both 
published and new results) into a comprehensive picture of the metamor 
phic history of this area. The general area of study is shown in Figure 1, 
and data from the following lithotectonic units will be discussed: laconic 
allochthons. Green Mountain massif, Berkshire massif, and Paleozoic 
cover rocks immediately east of the massifs (mainly Hoosac and Rowc- 
Hawley belts).

Recent geologic studies in western New England have shown that the 
deformationai history of the Taconide belt here is complex. Part of this 
complexity involves the uncertainty in knowing the relative importance of 
Taconian as opposed to Acadian dynamothermal effects. About 15 years 
ago, broad areas of western Massachusetts were thought to have been 
affected by Acadian metamorphism (Zen, 1967; Ratcliffe, 1969). It was 
generally agreed that the highest-grade mineral assemblages (garnet to 
sillimanite zones) are Acadian, although older Taconian features were 
recognized as important, especially in the chlorite-biotite zone. Large-scale 
synmetamorphic thrust faulting of the Berkshire massif was mcognirffd, 
and because the metamorphic isograds of staurolite-kyanite and sillimanite 
appear to postdate the thrust faulting (Norton, 1967; Ratcliffe, 1965) and 
seem compatible with thrust-zone textures, this faulting was regarded as 
Acadian or older.

Recognition of the importance of Taconian metamorphism over a 
wider area has increased, and structural features have been assigned to the 
Taconian that formerly were thought to be Acadian. For example, Har- 
wood (1972) observed that a granite of probable Late Ordovician age 
crosscuts a thrust fault in the Berkshire massif, indicating a Taconian age 
for at least some of the thrust faults there. Ratcliffe and Harwood (1975) 
outlined a four-phase Taconian chronology. Formation of crystalloblasuc 
fabrics was important throughout Taconian deformation, but the Taconian 
deformation and metamorphism culminated in the Middle to Late Ordo 
vician with overthrusting of the Berkshire massif. Northwest-trending p4 
folds developed after the thrusting show evidence of muscovite, biotite, 
staurou'te, garnet, and sillimanite growing across them. Production of these 
minerals marks, in part, the present distribution of the biotite, garnet, 
staurolite-kyanite, and sillimanite isograds and previously was assigned to 
the Acadian (Ratcliffe and Harwood, 1975). The peak of this Barrovian 
metamorphism was interpreted as Acadian on the basis of (1) the lack of 
definitive Ordovician ages from any minerals and (2) the proximity of the 
Berkshire area to Siluro-Devonian strata that are known to have under 
gone Acadian staurou'te-, kyanite-, and sillimanite-grade metamorphism 
(Hatch, 1975; Norton, 1976). How far west the effects of this Acadian 
metamorphism extended was not known to Ratcliffe and Harwood



Figure 1. Regional 
tectonic map and sample 
locations for new ^Ar/ 
39 AT and K-Ar data pre 
sented in this report. 
(Study area map and ex 
planation are on facing 
page.)
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(1975). New radiometric age data presented here define the distribution of 
Taconian versus Acadian metamorphic effects and reveal that the west 
ward extent of Acadian metamorphism is less than previously inferred 
(Zen, 1967; Ratdiffe, 1969). The new age data also require a revised 
interpretation of the ages of the various phases of folding and faulting.

SYNOPSIS OF MAJOR TECTONIC FEATURES 
IN THE TACONIC RANGE AND 
BERKSHIRE-GREEN MOUNTAIN MASSIFS

Major lithotectonic elements of the region are shown in Figure 1. 
From structurally lowest to structurally highest, in general from west to 
east, there are:

A. Precambrian (Proterozoic Y) basement gneiss of the southern 
Green Mountains and its predominantly Paleozoic clastic-carbonate shelf 
cover. The suite of autochthonous cover rocks formed as continental shelf 
sediments on the eastern margin of North America bordering lapetus. 
These shelf sediments are capped unconformably by Middle Ordovician 
black shales and graywacke of the Walloomsac and Snake Hill 
Formations.

B. Rocks of the Taconic allochthons form the transported pan of a 
preshelf, graben-fill fades and a slope-rise suite of rocks deposited beyond 
the continental shelf edge in Proterozoic Z through Middle Ordovician 
time (Bird and Dewey, 1970; Bird, 1975). These allochthons were em- 
placed starting in the Middle Ordovician, graptolite zone 12-13 (Zen, 
1967, p. 68; Berry, 1970). The early allochthons were empiaced as non- 
metamorphic submarine overthrusts and later ones as progressively harder 
rock thrusts. The last and tectonically highest slice (Greylock slice) was 
empiaced synmetamorphically. The Taconic allochthons (other than the 
Greylock slice) were empiaced prior to imposition of chlorite- through 
garnet-grade regional metamorphism in the area shown in Figure 1.

C. Proterozoic Y gneiss of the Berkshire massif and its preserved 
sedimentary cover rocks structurally overlies the carbonate rocks of the 
autochthon. These rocks were empiaced by thrusting that followed re 
gional metamorphism and cleavage formation in the Taconic allochthons 
and in the autochthon. The Berkshire massif is separated from the au 
tochthon by major shear zones having a mylonitic fabric The Berkshire 
massif consists of multiple, overlapping, and folded fault slices of basement 
gneiss and intercalated slivers of cover rocks (Ratdiffe and Harwood,

C
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l-b.y.-old Green Mountains and 
Housatonic Highlands (indicated by 0)
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 3.

Synmetamorphic thrust fault of late laconic age

Early-to-premetamorphic thrust faults 
associated with Taconic allochthons

Sample locality

1975) empJaced by strong east-over-west transport that was accompanied 
by recumbent folding and Mastomyionitic fold-thrust fabric. Textures and 
structures related to the emplacement event have been recognised 
throughout the massif (Ratdiffe and Harwood, 1975; Ratdiffe and Hatch, 
1979, Fig. 5). Translation on the master thrust at the sole of the Berkshire 
massif is a minimum of 21 km at lat 42°N (Ratdiffe and Harwood, 1975). 
Additional structural overlap in the massif accounts for a minimum short 
ening of the basement by structural overlap of about three times, so that 
the minimum cumulative overlap of -60 km is indicated. The leading 
edge of rocks now representing the Berkshire massif was originally at least 
21 km farther east than its present position, and the original width of the 
massif was at least 60 km.

D. The Hoosac belt east of the Berkshire massif consists of the Pro- 
terozoic Z through Cambrian, Hoosac Formation that is transitional in 
fades between shelf rocks and Taconic slope and rise rocks. These rocks 
locally rest with unconformity on the highest slices of the Berkshire massif 
but are largely separated from the basement by a major synmetamorphic 
detachment zone, the Middlefield thrust-Hoosac Summit thrust

E, Rowe-Hawley belt The Hoosac belt is overlain by tectonkally 
intermixed rocks of the Rowe-Hawley belt, containing pods of serpenti- 
nite, easterly derived volcanogenicflvsch of the Moretown Formation, and 
Middle Ordovician volcanic rocks and shales of the Hawtey Formation. 
The Whitcomb Summit thrust forms the physical base of this sequence 
and is believed to conceal the root zone for the Taconic allochthons.



Figure 2. ^Ar/^Ar age i IB  B^NiDra vcnim of Figure i«

CUMULATIVE PWCBMT Of 39Ar_ RHfASED

Devonian and Silurian rocks

Unconformity   - -^ (Decollement)

Hawley-Rowe belt of 
eugeoclmal metasediments

Hoosac belt June Mountain slice

Fault slices of the Berkshire Massif: 
L numbers refer to tectonic level

Autochthonous shelf sequence

1-b y.-old Green Mountains and 
Housalonic Highlands (indicated by 0)

Synmetamorphic thrust fault of late laconic age

Early-lo-premetamorphic thrust faults 
associated with laconic allochthons

Highlands
basement

below autochthon

BM-13 

]«44±4 I m.y

'1         '                

SAA-I6B
bKKlW

J lp -397 7 ±3.0 m.y

450

400 

350

]    '    
BM-I6H 

- Ip - 415.4 ±4.6 m.y.

(

too

a so loo o 50 too 4soif -t-
73-30' 400

zy^T^/5 -: ;./* 

L BM-19 
hombtend* 

lp-4M.2±4.5m.y.

-          ,      |     



E
X

P
LA

N
A

TI
O

N

K

O
rd

ov
ic

ia
n 

ky
an

ite
 l

oc
al

ity

Ar
 4

0/
39

 s
am

pl
e 

si
te

Fi
gu

re
 3

. 
N

ew
 i

nt
er

 
pr

et
at

io
n 

of
 T

ac
on

ia
n 

an
d 

A
ca

di
an

 
m

et
am

or
ph

ic
 

zo
ne

s 
ba

se
d 

on
 

^
A

r/
 

39
A

r 
da

ta
. 

T
he

 d
ia

gr
am

 
sh

ow
s 

po
ss

ib
le

 
di

st
ri

bu
 

tio
n 

of
 p

re
se

rv
ed

 T
ac

o
 

ni
an

 m
et

am
or

ph
ic

 z
on

es
 

an
d 

ar
ea

s 
of

 
A

ca
di

an

A
ca

di
an

 i
so

gr
ad

s;
 

tic
k 

m
ar

k 
on

 h
ig

h 
si

de

Ta
co

ni
c 

is
og

ra
ds

; 
tic

k 
m

ar
ks

 o
n 

hi
gh

 s
id

e

A
ca

di
an

 b
io

tit
e 

zo
ne

ov
er

pr
in

tin
g 

of
 

bi
ot

ite
 

.
.
.
 

,. 
... 

,
.K

 
..

 r
 . 

A
ca

di
an

 s
ta

ur
oh

te
-k

ya
m

te
zo

ne

A
ca

di
an

 s
ill

im
an

ite
 z

on
e

^
:~

r 
i

!~
 

j 
_

 
I

P
ro

te
ro

zo
ic

 Y
 b

as
em

en
t

A
ca

di
an

 t
hr

us
t 

fa
ul

t

Ta
co

ni
c 

th
ru

st
 f

au
lt

V

AC
AD

IA
N

 ; 
ST

AU
R

O
LI

TE
 

S
 K

Y
A

N
IT

E
*!

AC
AD

IA
N

 
S

IL
LI

M
A

N
IT

E



52 M 430±8 
3

Vt-18 WR 395 ±20

Vt-17 WR 370 ±181 

Vt-16 B 397 ±201

28 WR 468 ±8 

27 WR 453 ±8

EXPLANATION

Devonian and Silurian rocks

Proterozoic Y rocks

GM-4 BP 436±4

Tacoman cryptic suture 
(Camerons line-Whitecomb Summit)

KEY: CONVENTIONAL K/Ar

WR-Whote rock 

M-Muscovite 

B-Biotite 

H-Homblende

40Ar/39Ar

HTF-Homblende total fusion 

MP-Muscovite plateau 

HP-Hornblende plateau 

BP-Biotite plateau

G This study

3 Harper (1968)
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U-Pb Dating of Zircon Overgrowths:
Dating Fluid Flow?

(P.K. Zeitler)

1. Introduction
U-Pb geochronologists have long known that zircons frequently develop 

overgrowths when they become embroiled in significant geologic events like high-grade 
metamorphism and partial melting. Although there is a large body of anecdotal 
information available about the behavior of zircon, it turns out that little quantitative is 
known about this important mineral in terms of its diffusion kinetics or stability 
relationships in metamorphic and diagenetic environments. We do have a fairly good 
body of evidence that suggests that Pb diffusion in zircon is exceptionally sluggish; the 
slow-cooling closure temperature for Pb in zircon is very high, certainly well above 
750t. Therefore, there's a very good chance that once a zircon grows (for whatever 
reason at whatever temperature), under most crustal conditions it is likely to retain its 
age tenaciously.

Until recently, there was little practical that could be done with zircon 
overgrowths. However, several advances have now opened the door to exploiting such 
growth zones. First, techniques of U-Pb chemistry and mass spectrometry have improved 
to the point where single grains and even tiny fragments chiseled from grains can be 
analyzed with excellent precision; the only drawback in terms of dating overgrowths is 
one of potential inaccuracy, as one cannot always ensure that an overgrowth is being 
sampled cleanly. However, a second approach, U-Pb dating via ion microprobe, can do 
a much better job of ensuring accuracy of sampling, albeit at a considerable cost in 
precision. To date, the SHRIMP ion probe (housed in Canberra, Australia at the 
Research School of Earth Sciences of the Australian National University) is the only ion 
probe capable of geochronologic analyses (several references describing the use of 
SHRIMP are listed below).

Lately, fluid flow has emerged as a topic of great interest to geologists. Simply to 
see how feasible the measurements would be, it is worth looking at zircon overgrowths as 
a potential means of dating flow, even if the theory and data are not yet in place with 
which we can easily relate specific fluids to specific zircon overgrowths. The case studies 
that follow represent attempts to date zircon overgrowths developed in high and what 
may be low temperature systems, respectively.

2. Case Study I. Dating Quartz-Graphite Veins. Bristol. NH
Abstract. lon-microprobe dating of zircon from quartz-graphite veins at 
the Bristol, New Hampshire, metamorphic hot spot. 

(Zeitler et al., 1990)

INSERT ZEITLER ET AL. 1990 ABSTRACT HERE
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lon-microprobe dating of zircon from quartz-graphite veins 
at the Bristol, New Hampshire, metamorphic hot spot

Peter K. Zeitler*
Research School of Earth Sciences. Australian National University, G.P.O Box 4. Canberra. A.C.T. 2601 Australia

Barbara Barreiro. C. Page Chamberlain
Department of Earth Sciences. Dartmouth College. Hanover. New Hampshire 03755

Douglas Rumble III
Geophysical Laboratory, 2801 Upton Street. N.W.. Washington. D.C. 20008

ABSTRACT
Detrital zircons entrained in hydrothermaJ quartz-graphite-nitile veins found near the 

Bristol. New Hampshire, metamorphic hot spot are overgrown by thin rims. lon-microprobe 
analyses of these rims date their growth at 408 ±6 Ma. These measurements quantitatively 
confirm textural evidence that the graphite veins were emplaced during peak metamorphism 
associated with the Acadian orogeny, and they provide a direct positive test of the hypothesis, 
based on petrologkal and stable-isotope evidence, that the hydrothermal systems responsible 
for the quartz-graphite veins were also responsible for the hot-spot metamorphism.

INTRODUCTION
in southern New Hampshire, several small 

granulite facies "hot spots" less than 5 km in 
diameter are found among the upper amphibo 
lite grade metamorphic rocks of the Memmack 
synclinonum (Fig. I; Chamberlain and Rumble. 
1988). Networks of quartz-graphite veins are as 
sociated with these hot spots at several localities. 
Chamberlain and Rumble (1988) have sug 
gested that these veins represent fossil hydro- 
thermal systems active at deep crustal levels 
during peak metamorphism and that the veins 
were responsible for the granulite facies condi 
tions found in their immediate vicinity. This hy 
pothesis, if correct, has important implications 
for our understanding of metamorphic proc 
esses, as it would document the transfer during 
metamorphism of large quantities of fluid across 
different crustal levels, and it would suggest that 
advective transfer of heat by fluids can play a 
significant role in the thermal budget of an 
orogeny.

The timing of activity within the New Hamp 
shire hot spots relative to Acadian metamorphic 
and tectonic processes is not well known, be 
cause of the difficulty in directly dating the veins 
and because in central New England there are 
relatively few dates for Acadian metamorphic 
processes. The question of timing is. however, of 
fundamental importance to testing the hypothe 
sis that advective heat transfer can play a signifi 
cant role during orogeny.

Textural evidence and structural relations 
suggest that graphite mineralization and hot-spot 
activity were late- to post-tectonic. Delicate 
structures present within many graphite veins

 Presem address: Department of Geological Sci 
ences. Williams Hall 31. Lehigh University. Bethle 
hem. Pennsylvania 18015-3188.

were not disturbed by penetrative deformation 
associated with the Acadian orogeny (Rumble 
and Hoenng, 1986). and in places graphite veins 
are found to crosscut rocks of the syntectonic 
new Hampshire Plutonic Series that are -400- 
410 m.y. old (Rumble et ai., 1986; Lyons and 
Livingstone, 1977; Barreiro and Aleinikoff, 
1985). On the other hand, the lack of retrograde

Graphite-vein deposit

Hanover,

metamorphism in wall rocks of most of the 
graphite veins provides qualitative evidence that 
they were emplaced at the same time as. or soon 
after, peak metamorphic conditions were 
achieved (Rumble et al., 1986). However, the 
only quantitative lower limit for the age of 
graphite mineralization and. implicitly, for the 
age of metamorphic activity within the hot spots 
is a Jurassic K-Ar date obtained on illite gouge 
in a fault that shears graphite (John B. Lyons. 
1987, personal commun.).

Quartz-graphite-rutile veins found in the 
metamorphic hot spot located near Bristol. New 
Hampshire, contain zircons. In this paper we 
report our attempts at the U-Pb dating of these 
zircons, using both conventional methods and 
the SHRIMP ion microprobe. Our conventional
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Figure 1. Sketch map of southern New Hampshire, showing location of granulite facies meta 
morphic hot spots (black) and rocks of New Hampshire Plutonic Series.
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Summary of main points:
(1) Obtaining an age on the high-temperature hydrothermal system at Bristol is 

important because this would allow the anomalously high-grade metamorphism found in 
the region to be linked genetically with the flow of fluids.

(2) Conventional U-Pb dating of the zircons entrained in the quartz veins was of 
no help in resolving the age of the vein system, because the bulk of the zircon by volume 
consisted of xenocrystic grains derived from the surrounding metasediments.

(3) SHRIMP analysis revealed there to be substantial overgrowths on many 
grains. Analysis of these overgrowths showed them to define a coherent, concordant 
cluster at about 408 ± 6 Ma.

(4) The quoted uncertainty reflects the use of population statistics, which is an 
advantage one gains when using "single-grain" geochronological methods. However, 
filtering of the data for outliers was necessary, a process that canmake you very nervous 
(how does one separate out the components of correlated scatter due to error in 
common Pb, inheritance, or Pb loss?).

(5) Taken at face value, the age of 408 ± 6 Ma is consistent with recent results 
which suggest that at least in some regions the Acadian Orogeny took place in the very 
earliest Devonian.

(6) A weakness of this study is the need to assert that the age we obtained is the 
age of fluid flow. Yes, xenocrystic zircons entrained in the veins share an overgrowth of 
common age, but what evidence links those overgrowths to the veins themselves 
(Occam's Razor really isn't good enough)? What is needed is a means of linking the 
zircons to the veins geochemically or petrologically perhaps O-isotopes might be an 
approach worth pursuing (Kerrich and Wu, 1987).
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3. Case Study II. Dating Young Overgrowths on Precambrian Zircon. Nanga Parbat 
Massif. Pakistan

Abstract. U-Pb Dating of Metamorphic Zircon Overgrowths by Means of 
Depth Profiling with an Ion Microprobe 
(Zeitler and Williams, 1988)

By using the SHRIMP ion microprobe in a depth-profiling mode, we have found that 
zircons from upper-amphibolite fades gneisses of the Nanga Parbat-Haramosh Massif, 
Pakistan are overgrown by thin, very young, relatively high-U rims. These rims, which 
surround cores  1850 Ma in age, are only several microns wide, and are marked by low 
Th/U, high U, and ages of less than 10 Ma. 207Pb/ ^b ages are too imprecise to permit 
meaningful use of Concordia systematics, but there does appear to be real variation in 
206Pb/ ^^b ages from 2 to 10 Ma. Together with an independently determined cooling 
history obtained using other isotopic systems, the young rim ages imply that zircon 
overgrowth occurred at temperatures of between 200 and SOOT!. Pb loss is not a likely 
explanation for these data for two reasons. First, zoning profiles across rims are flat, and 
show no evidence of diffusion. Second, because the Nanga Parbat gneisses cooled below 
200^ within the past 2 m.y.,there has been no time for significant radiation damage to 
accumulate, and estimates of the diffusion rate of Pb in pristine zircon are too low for 
Pb loss by volume diffusion to be plausible, particularly at low temperatures. The young 
rims found on the Nanga Parbat zircons probably record a period of post-metamorphic 
fluid flow, perhaps related to rapid decompression of the Nanga Parbat massif over the 
past several million years. An important point is that the thin, not easily observed rims 
on these zircons dominate Concordia systematics, and indicate an age which is younger 
than that of peak metamorphic temperature.

Summary of main points:
(1) Zircons samples from Precambrian basement gneisses of the Nanga 

Parbat-Haramosh Massif, Pakistan Himalaya, yield U-Pb ages that are strongly 
discordant, although discordance of this degree is not unusual. During fission-track and 
conventional SHRIMP analysis of sectioned grains, it was found that these zircons are 
mantled by high-U rims.

(2) The rims are very thin, on the order of microns. The only way to analyze 
them was to use the SHRIMP ion probe, and to use what is for SHRIMP an 
unconventional mode, involving drilling rather than lateral profiling of a sectioned 
mount.

(3) The detailed profiling data clearly indicate that the discordance observed in 
these zircons is due to thin overgrowths, not Pb-loss: profiles in 206Pb are flat at the 
edges of grains.

(4) The very young rims exert a major control on the Concordia systematics of 
bulk zircon analyses of Nanga Parabt gneisses, because they are so young and have such 
high U.

(5) The rims give ages as young as 2 Ma; all ages fall within the range 2 to 14 
Ma. At the locality under study, the independently determined thermal history suggests 
that growth of zircon rims occurred in the temperature range 200-500 CC.
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1. Overview of U-Pb results for xenocrystic zircons entrained in quanz-graphite veins at 
Bristol, New Hampshire. Solid squares show conventional U-Pb results; error boxes 
(one-sigma) show analyses made using the SHRIMP ion probe. The range of ages 
obtained with the ion probe is reasonable given the metasedimentary source of the zircons. 
Note that no effort was made to quantitatively characterize the xenocrystic component. 
Regression through the conventional data yields a lower intercept of 370 ± 220 Ma.
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2. Detailed of young SHRIMP analyses from Bristol zircons. Gray boxes give two-sigma 
errors; white boxes represent those analyses accepted in calculation of age estimate; black 
error boxes represent analyses that were rejected.
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3. Overview of U-Pb results from basement zircons, Nanga Parbat-Haramosh Massif, 
Pakistan Himalaya. Solid circles are conventional analyses (size of symbol is unrelated to 
uncertainties, which are much smaller); error boxes show conventional SHRIMP ion probe 
analyses of sectioned grains. The upper intercept of the discordia trends is about 1 850 Ma.
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4. Overview of all single-scan data obtained during SHRIMP depth profiling of virtually 
unpolished, unsectioned zircon grains (normally, seven scans are combined per analysis).
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Thermochronology of Economic Mineral Deposits: Dating the Stages of
Mineralization at Panasqueira, Portugal, by High-Precision 40Ar/39Ar

Age Spectrum Techniques on Muscovite
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Abstract

40Ar/39Ar age spectrum dates for 13 muscovites have been used to reconstruct the ther 
mal history (thermochronology) of the Panasqueira, Portugal, tin-tungsten deposit, a de 
posit spatially associated with a belt of Hercynian plutons. Muscovite samples with an age 
difference as small as 2.2 m.y. (0.7% of the age) are statistically distinct. Statistics are even 
better for comparison of multiple samples from separate events; that is, a difference of 0.9 
m.y. (0.3%) can be resolved in this   300-m.y.-old deposit. The major tin and tungsten 
ore-forming stages, which are the oxide-silicate stage, the main sulfide stage, and greiseni- 
zation, occurred between 296.3 ± 0.8 (1 a) and 291.6 ± 0.8 m.y. (1 a). The first substage of 
the oxide-silicate stage was a short-lived thermal pulse at 296.3 ± 0.6 m.y.; the fluids 
responsible may have emanated from the known granite cupola. The main sulfide stage was 
active at 294.5 ± 0.9 m.y. as a slightly longer lived pulse with oldest evidence for this stage 
(295.8 ± 0.6 m.y.) coming from areas farthest away from the known cupola and youngest 
evidence (293.5 ± 0.8 m.y.) closest to the cupola. A second substage of the oxide-silicate 
stage occurred as a short-lived thermal pulse at 292.9 ± 0.7 m.y., synchronous with grei- 
senization of the cupola and alteration of the silica cap at 292.1 ± 0.4 m.y. The duration of 
activity of the oxide-silicate stage, the main sulfide stage, greisenization, and alteration of 
the silica cap based on the ages of all 13 muscovites was greater than 4.2 ± 0.5 m.y. (1 a). 
Minor argon loss from all dated muscovites occurred during later reheating, probably 
during the longer lived pyrrhotite alteration stage. A single center, the known cupola, had a 
prolonged role and was the source for main sulfide stage, oxide-silicate stage II, greiseniza 
tion, and alteration of the silica cap and possibly oxide-silicate stage I and the pyrrhotite 
alteration stage; however, a separate source for these latter two stages cannot be ruled out.

This study is an example of a new and powerful application of 40Ar/39Ar age spectrum 
dating of muscovite. Because of the high precision demonstrated in this study, it is now 
possible to establish time constraints necessary for solving some of the long-standing prob 
lems in economic geology. Beyond this, the unique geologic situation of Panasqueira has 
allowed us to quantify the thermal characteristics of muscovite. Published fluid inclusion 
data have been used to estimate a muscovite argon closure temperature of *~325°C during 
rapid cooling or short reheating and a temperature of "~270°C during slow cooling or 
extended reheating. Argon-loss patterns displayed by all dated muscovites resulted from 
reheating after original closure; the mechanism for this argon loss appears to have been 
argon transport by volume diffusion. Thus, 40Ar/39Ar age spectrum dating of muscovite can 
be used to evaluate thermal conditions controlling argon diffusion as well as age, duration, 
and number of episodes of mineralization.

Introduction studies of ore-forming processes. Until recently, 
ALTHOUGH there have been numerous geochrono- kotopic techniques have been used only to date ore 
logic studies of economic mineral deposits, there deposits, but they lacked the precision necessary 
have been few high-resolution thermochronologic for measurement of the total duration of mineraliza 

tion or dating of the separate thermal pulses within 
an episode of mineralization. Moreover, the effects

* Present address: U. S. Geological Survey, Denver Federal of chemical and/or thermal alteration on most iso- 
Center, Mail Stop 905, Denver, Colorado 80225. topic systems were so poorly understood that criti-
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FIG. 1. Map of Portugal showing spatial relation of the Panas 
queira mine to the belt of Hercynian granites.
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FIG. 7. 40Ar/39Ar age spectrum diagrams for oxide-silicate 
Stage I (PGL 503 and PGL 207A) and oxide-silicate stage II (PGL 
207B and PGL 2791) muscovites.
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FIG. 8. 40Ar/39Ar age spectrum diagrams for main sulfide stage 
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FIG. 9. 40Ar/39Ar age spectrum diagrams for greisen and al 
tered silica cap muscovites.
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FIG. 10. Revised paragenesis of Panasqueira deposit showing 
results of detailed 40Ar/39Ar geochronology.



Summary of thermal activity during mineralization 
at Panasqueira

The preceding interpretation of 40Ar/39Ar age 
spectrum data is developed below into a geologic 
interpretation of events at Panasqueira. Our data 
are limited so this summary is meant only to be a 
framework that will probably change with addi 
tional data.

1. A short-lived thermal pulse, oxide-silicate 
stage I, occurred at 296.3 ± 0.6 m.y. The source of 
this activity is unknown, but it may have emanated 
from the known cupola.

2. A slightly longer lived pulse of activity, the 
main sulfide stage, occurred about 294.5 ± 0.9 m.y. 
The oldest evidence for this stage is from Vale da 
Ermida (295.8 ± 0.6 m.y.) and ages of main sulfide 
stage muscovites get younger, apparently progres 
sively, to the east. If the source of the main sulfide 
stage activity was the known cupola, this eastward 
migration could correspond to a contraction of cu 
pola influence with time during this stage.

3. Another short-lived thermal pulse occurred 
during oxide-silicate stage II at 292.9 ± 0.7 m.y. 
This pulse probably emanated from the known cu 
pola where greisenization and alteration of the sil 
ica cap occurred at 292.1 ± 0.4 m.y.

4. A ubiquitous, longer lived but lower tempera 
ture event, the pyrrhotite alteration stage, occurred 
sometime between 274 and 292 m.y. The thermal 
source of this stage is unknown, but since the argon 
spectrum that records the most argon loss is from 
the known cupola, the cupola was also the likely 
thermal source for the pyrrhotite alteration stage.
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